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PREFACE 


The  present  book  is  designed  for  that  largo  class  of  atudents 
who  in  the  early  part  of  their  college  career  require  a  coordinated 
elementar>*  course  in  the  fundamental  principles,  the  methods, 
and  the  industrial  apphcatious  of  physics.  The  purpose  Lh  not 
only  to  impart  information,  but  also  to  g:ive  training  in  the  niethoHrls 
by  which  facts  are  con'elated  in  laws,  and  these  laws  applied  to 
the  affairs  of  life. 

In  order  tliat  the  mind  of  the  student  may  not  be  distracted 
from  the  physics  by  difficulties  foreign  to  the  subject,  hypothese»3 
still  in  controversy  are  not  considered,  and  no  mathematics  is 
assumed  beyond  the  elements  of  algebra  and  trigonometry'. 
New  ide^  are  first  develo|>ed  and  then  expressed  by  definitions 
or  laws  in  physical  terms.  Definitions  are  carefully  distinguisliod 
from  deiining  equations.  In  making  the  questions  at  the  end  of 
the  various  sections,  the  object  has  been  to  develop  hi  the  student 

power  of  connecting  facts  an<i  laws  with  familiar  phenomena 
[rather  than  the  ability  to  enimciate  the  various  definitions,  laws, 
and  equations  given  io  the  text.  It  is  )ioi)eti  that  from  the  study 
of  ihe  numerous  solved  problems  the  student  will  early  accjuire 
an  ability  in  effective  attack  as  well  a8  in  the  oixlerly  presentation 
of  work. 

The  bases  for  the  selection  of  the  laws  to  be  included  in  the  text 
been  the  frequency  of  their  occun*ence  in  the  ordinary  affairs 
of  life  and  the  wideuess  of  their  application  in  the  arts.  In  the 
selection  of  the  unusually  large  amount  of  illustrative  material 
included,  due  regard  has  been  given  to  the  special  interests  of 
students  of  agriculture,  engineering,  and  general  science.  The 
recent  war  has  produced  many  highly  important  and  interesting 
devices,  some  of  which  ai*e  here  presented  to  students  for  the 
first  time.     Most  of  the  purely  illustrative  material  is  printed  in 
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Bmaller  t3rpe  than  the  discussion  of  principles.    Much  of  this  may 
well  be  left  for  private  reading  and  not  assigned  for  recitation. 

It  is  a  pleasure  to  acknowledge  my  indebtedness  to  Professors 
R.  G.  Dukes,  A.  T.  Jones,  G.  W.  Sherman,  L.  V.  Ludy  and  R.  V. 
Achatz  for  criticism  of  the  manuscript,  to  Miss  Elizabeth 
Mitchell  for  the  solution  of  many  of  the  problems  in  the  back  of 
the  book  and  to  Professor  D.  C.  Miller  for  the  construction  of 
several  diagrams  of  compound  wave  forms. 

Ervin  S.  Ferry. 
LaFatsttb,  Indiana,  U.  S.  A. 
February  1,  1921. 
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FUNDAMENTAL  NOTIONS  OF  DYNAMICS 


I 


1.  Stress  and  Force— If  a  spiral  spring  be  compressed  and 
then  pelcaaed,  the  two  ends  will  tend  to  recede  from  one  another. 
If  a  ma(!:net  and  a  piece  of  iron,  both  free  to  movej  be  placed 
near  one  another,  each  wiU  move  toward  the  other.  The  distance 
between  the  earth  and  any  body  near  it  always  tends  to  diminish. 
When  two  bodies  interact  so  as  either  to  produce  or  tend  to  produce 
a  change  in  the  motion  of  one  body  relative  to  the  otiier,  their 
mutual  action  is  called  a  stress,  and  the  medium  connecting  the 
bodies  is  said  to  be  in  a  state  of  stress.  When  the  attention  is 
confined  to  the  cause  whicli  tends  io  change  the  motion  of  one  of 
the  bodies,  the  other  body  being  left  out  of  consideration,  the 
action  of  the  stress  on  this  body  is  call<^fl  force.  Force  may  be 
defined  as  any  cause  which  either  elianges  or  tends  to  rhnngi_^  the 
motion  of  a  botly  relative  to  another.  If  the  attention  be  limited 
to  the  motion  of  one  of  the  bodies,  th(*  forci^  acting  is  said  tci  be  an 
external  or  impressed  force.  If,  on  the  other  hand,  the  two  Iwjdies 
be  conflidered  as  forming  a  single  system,  and  no  force  from  outside 
(be  system  acts  upon  it,  the  force  acting  npon  eiich  hcKly  is  calleil 
an  internal  force.  Other  names  sometinicn  iiscrd  for  force  are 
load,  thrust,  push,  pull,  pressure,  tension,  attraction,  repulsion, 
effort.  resisfAncc. 

Force  is  t  he  dired.  cause  of  the  change  in  the  motion  of  a  body. 
For  instance,  a  wind  is  not  a  force,  but  the  push  exerted  by  wind 
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against  a  sail  or  other  body  is  a  force.  FalUnp  rain  is  not  a  force, 
but  the  push  exerted  by  it  against  an  umbrella  is  a  force.  Fire 
not  a  force,  but  the  expansive  push  which  makes  hot  coal  l>reak  h 
a  force.  A  stretched  rubber  band  is  not  a  forcCj  but  the  pi 
which  tends  to  draw  the  ends  toward  one  another  is  a  force. 

Whenever  there  is  a  stress  between  two  bodies  there  must 
a  medium  ext^ndinR  from  one  to  the  other.     In  some  causes  tl 
int'ei'\*ening    medium    is    not   obvious.     In    the    first    illustratioi 
above,  the  effect  is  rhie  to  a  stress  in  the  spiral  spring  between  tl 
two  bodies.     In  the  case  of  the  magnet  and  the  piece  of  iron  tl 
medium  is  an  invisible,  all-perva<lingf  higlUy  attenuated  stilistant 
whose   properties   have   been    pretty   thoroughly   studied.     It 
known  that  this  medium,  called  the  ether,  servos  for  the  propag: 
tion  of  Uglit,  elecinc,  uikI  niaKiielic  effecta,  and  it.  ii>  lii^Wy  probabU 
that  gravitational  attraction  is  also  ihie  to  a  stress  of  this  niediu3 

2.  The  Gravitational  Units  of  Force. — One  of  thtr  factw  iii 
discovered  in  the  history  of  srience  is  that  any  body  on  the  surfi 
of  the  eartli  is  pulled  toward  the  earth.  This  force  is  call< 
weight  or  the  force  of  graniy.  The  weights  of  bodies  at  a  giv 
place  CAD  be  comy)ared  by  nuians  of  the  distortions  they  produce 
a  spiral  spring  when  suspended  freely  under  the  influence  of  th< 
earth's  attraction.  For  instance,  if  cjich  of  two  lM)4iies  ^1  and 
when  suspen<ied  from  the  (^nd  of  a  vertical  spiral  spring  produ< 
the  same  elongation  of  the  spriufj,  Ihoy  are  of  etjual  weight.  If 
tliird  body  produces  the  siune  elongation  as  do  -4  and  B  together^ 
then  the  weight  of  the  third  body  equals  twice  the  weight  (vf  ^4 
B,  Proceeding  in  this  manner,  a  spiral  spring  can  be  "calibrated" 
so  as  to  give  directly  lh(^  weights  (if  bodies,  compartMl  t-o  any  unil 
weight  taken  as  a  stantlard  of  comparison.  This  is  the  essence 
the  earliest  and  simplest  metiiod  of  comparing  forces.  It  is 
method  still  used  in  enginwring  and  in  ordinary  Ufe. 

In  Enghfih-siK^akitig  <H>untries  the  gravitaliomd  unit  of  foi 
is  the  weight  at  London  of  a  certain^  piece  of  platinum  preserver 
in  the  Office  of  the  Exclun^uer,  It  is  called  tlie  pound  wcighl 
avoirdupois.  Of  course  a  force  of  k  pounds  weight  neetl  not 
due  to  gravity  nor  act  in  a  vertiral  <iirection.  On  the  continent 
of  Europe  the  gravitational  unit  of  force  is  taken  its  the  weight  at 
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of  a  certain  lump  of  platinum  (ipposilcnJ  in  the  ArchiveR  of 
This  unit  <if  forca  is  culled  the  kilojicnAni  weight. 

I  kilogram  weight  =2.2040  pounds  weight. 
1  |X)Uii[l  weight       =0.45359  kilugrntn  weight. 

Th«  attraction  exerted  by  the  earth  on  a  given  body  depends 
upon  the  latitude  of  the  place  at  which  the  body  Ls  situated,  upon 
iu  di:ctane4^  from  the  center  (if  the  earth,  and  upon  such  local  con- 
ditions as  the  proximity  of  great  mountains^  etc.  Consequently, 
tht  weight  of  a  body  is  an  indefinite  (|uaniity  depending  upon  the 
position  of  the  l>ody.  At  sea  level,  the  ratio  of  the  weight  of  a 
given  body  situated  at  the  ec^uator  io  its  weight  at  the  pole  in  as 
97S  is  t<i  983.  It  is  useless  to  take  account  of  this  snuiil  difference 
in  enginct-ring  work,  but  in  scientific  work  a  unit  of  force  must  be 
eoipJoyed  which  is  absolutely  constant.  The  absolute  unit  of 
will  Ut  di'finctl  in  a  later  paragniph. 

3.  The  Effects  of  Force. — The  piiniar>*  effects  of  force  ar^  two 
in  number.  A  force  can  cause  distortion,  i.e.,  a  displacement  of 
one  part  of  a  body  relative  to  another  part.  ALio,  if  a  bod>'  is  free 
U^  nujvc.  a  force  can  cause  a  cliange  in  tlic  velocity  of  the  body. 
Thifl  change  of  velocity  njay  be  cither  a  change  of  direction  or  a 
diango  i)f  magnitude.  The  rat  if)  of  the  cluiugc  of  the  velocity  of 
a  body  to  the  tiuje  occupied  by  the  change  is  called  the  acceleration 
of  ibt*  body's  motion.  Acceleration  is  nH^asui-cxI  by  the  change 
of  velocity  occurring  in  unit   time. 

4.  Newton's  First  Law  of  Motion. — A  slight  blow  with  the  fist 
will  impart  to  an  ordinary  punching  bag  a  consitlerable  speed; 
but  if  the  bag  were  fille<l  with  sand,  a  much  .-^iroiiger  l»low  would 
be  requined  to  give  it  the  same  speed.  Little  force  is  needed  to 
Kiop  a  moving  football,  but  a  considerable  force  would  be  required 

►p  a  cannon  bull  moving  with  th^  same  speed.     A  small  force 
ifRcient  to  deflect   fn)m  a  straight  path  a  stream  of  water 
taming  from  a  garden  hose,  but  to  cause  a  railway  train  to  go 
around  a  cur\'(.'  re(|uires  well-spiked  rails. 

Whatever  can  l>e  changed  in  motion  only  by  the  application 
of  force  is  called  matter.  Tliat  property  which  requires  force  to 
change  either  the  magnitude  or  direction  of  the  motion  of  a  body 
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is  called  inertia.     Inertia  is  the  distinguishing  chai-acteristic 
matt'er. 

This  gieat  law  of  Inertia,  or  Newton's  First  Law  of  Motioi 
has  been  eniinciat-cd  in  the  form,  a  body  mill  continue  to  move  u*?l 
lis  present  speed,  in  a  straight  line,  until  acted  upon  by  an  exi 
force. 

IDustmtiong  abotrnd  of  the  effect  of  inertia.  If  a  pasn^nger  train  siiddenlj 
stops,  the  passongers  will  be  thrown  forward  on  aroount  of  the  inertia  of  thei 
bodiejD  preventing  ihom  from  instantly  riuinpnf;  their  motion  relative  to  t) 
train.  For  the  same  reawon,  the  front  enda  of  IoihIcmI  freight  care  are  aoi 
times  pushed  out  when  the  train  is  stopped  too  suddenly. 
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An  Impafit-cxploding  shell  contains  a 'detonating  cap  in  front  of  a  nr 
metal  plunger.     When  the  flight  of  the  Hhell  ih suddenly  arresti^l,  the  plunf 
continues  to  advance,  thereby  striking  and  explwling  the  detonating 
The  shock  of  this  exploeion  seta  off  the  main  (;tiarge. 

Water  pipes  are  often  burst  due  to  the  continuance  of  the  nrHition  of 
water  aft^r  the  valve  lias  been  closed.     To  guard  against  tliis  aeeident,  tl 
large  water  gat^s  in  city  water  mains  are  arranged  so  that  it  is  impossiblt 
dose  them  quickly. 

Locomotives  are  supplied  with  water  while  in  motitjn  by  the  simple  df  vi( 
of  dropping  the  forward  end  of  an  inclined  pipe  into  a  long  trough  of  wal 
extending  parallel  to  the  miU.     As  the  water  in  the  trough  bends  to  remain 
at  rest  with  reference  to  the  ground,  the  moving  inclined  pipe  alipe  ondfT 
portion  iff  the  water  and  raises  it  vertically  until  it  falls  into  the  water  U 
on  the  tender. 

5.  The  Hydraulic  Ram. — Thia  in  a  common  device  by  means  of  whi< 
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tfWTtia  of  a  long  mlumn  of  watx*r  fiitUng  thrnugh  a  short  duttancc  will  muse 
Ir  STiuUl  part  oC  the  water  to  risv  lo  a  It'vcl  alKiVo  th(*  sourec.  In  Fig.  1,  (Ik* 
lmHpr\*uir  A  w  joined  by  a  lung  pitx?  AJi  t^)  a  device  tKiiiHiflting  of  two  viiivfM 
X  and  >*  sihttwn  an  a  largvr  huiilc  in  the  drawing  abova  The  vtdve  A'  opens 
|ilownwari.l  (\nd  the  valve  Y  upward.  When  wnt4'r  desretulM  the  drivp  pi^w 
AB,  auirie  of  it  wdl  escape  about  t\w  vtvlve  A'.  lu  passing  arouiiO  this  vulvc 
ih*  water  will  exert  apon  it  an  ti|nvard  force  which  will  cnits«  it  to  suddenly 
rkme.  But  on  aorounl  of  the  iiicnia  of  the  long  ix)lumn  of  water,  the  motion 
,wiD  tend  to  nontinuc  even  after  es«uii>e  at  A'  is  8toi>i>ed.  When  A'  eloses, 
Water  c<»linnti  stnkt^  againiitt  the  valve  )*,  enters  the  air  chamber  It  and 
in  till*  di^rhargp  pipe  0.  When  the  water  eomo  to  rent  b<)(h  valvt"»  full, 
tbareby  e«>isiiig  water  tn  again  escaix?  at  X  and  preventing  the  water  in  the 
delivery  |ri|w  from  (lowing  liaek.  When  water  again  e*nai»eH  at  A',  the  pre- 
(MxUog  ai^tion  is  repeated,  thereby  forcing  more  water  into  the  delivery  pi 

With  a  tlrive  pi|>e  30  feet  long,  a  fall  of  4  ft.,  and  a  .supply  of  \2i)  gallons 
per  hour,  a  eominereial  hydruulic  ram  will  dehver  10  gallonfl  per  hour  at  a 
height  of  30  ft.  With  a  drive  pipe  100  ft.  long,  a  fall  of  14  ft.,  and  a  supply  nf 
ISOO  gaUoos  ()er  hour,  a  larger  size  machine  will  raise  150  gallons  per  hour 
to  a  heiglit  of  100  ft 

6.  Newton's  Second  Law  of  Motion. — If  forces  of  1,  2,  3,  etc.. 
pounds'  weight,  respectively,  be  applied  to  a  given  body,  it  is 
found  by  experunent  that  the  body  will  be  given  accelerations  in 
the  direction  of  the  apphed  forces  in  the  ratio  of  1:2,  1:3,  etc.     In 

jOtbeT  words,  when  a  force  ads  upon  a  body,  there  is  produced  in  the 
iiion  an  accelrratior}  wkaice  direction  is  thai  of  the  farcty  ayul 
iiiwie  is  directly  proj)ort-iotwl  to  that  of  the  force  applied. 
This  law  has  been  thoroughly  tested  and  verified  in  the  moat 
liivorso  ways  and  is  taken  as  one  of  the  fundamental  principles  of 
d>tiuriiics.     It  is  u.sually  culled  Newton's  Second  Law  of  Motion. 

7.  Representation  of  Forces. — For  the  complete  specification 
of  a  f<irre  Ihn^  characterislics  are  necesaa^^^^  They  are  mag- 
nitude, direction,  and  Unc  of  action.  Since  a  straight 
linr  h  *bo  conipletely  descriW^d   by   these  same 

ies,   a    force   can   Ix*   represente<l   liy   a 
I-.     For  cjcampie,  iu  the  ca^se  of  a  body 
noting  DU  a  table  as  shown  in  Fig.  2,  the  weight  of 

■  ly,   i.e.,  the  force  acting  downward  on  the        ^^o.'z. 
I-  represented  in  direction  and  line  nf  action  by  the  line 
B.     \n  the  same  manner,  the  upward  force  exerted  by  the  table 
the  body  is  represented  by  the  line  CD, 
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8.  Newton's  Third  Law  of  Motion. — Iiuagine  two  boys  piillii 
in  opiwxsite  <lire(*tioris  <m  a  nijK'  which  paHs*-s  through  ii  hoi 
in  a  fence.  If  one  boy  pulls  as  harcl  as  the  other,  the  rope  wi 
not  move  in  either  dirrrtiun.  If  one  hoy  should  (ie  his  end  of  tl 
rope  to  a  po.st,  the  other  might  lie  quilc  unaware  of  the  fact, 
is,  the  poflt  offers  the  same  rtsistanec  to  the  force  exerted  by  t] 
boy  pulHng  the  rope*  as  did  the  other  boy.  In  other  wonls,  tl 
force  exert(^d  on  tho  po.'^t  (kwnlotjs  on  the  boy  pulhng  the  ro] 
another  force — equal  to  the  first  and  in  the  opposite  direction. 

No  force  ean  Ix'  <'xertcfl  unl<\sH  there  Ls  an  opfK)^^ing  forcp.  Tl 
driving  wheels  of  an  advancing  automoliile  push  backward  on  tl 
ground.  Thi?  grcnmd  pushes  forward  on  the*  wheels.  The  rnotii 
fonvard  of  the  car  is  due  to  this  push  exerted  by  the  (jnuiud. 
the  car  were  on  ice  or  other  siuc«)th  (surface,  the  \vhc4*ls  woul 
slip  instead  of  push  on  the  ground  and  there  would  be  no  pui 
exerted  by  the  grountl  on  the  wheels. 

A  stress  always  has  two  ends — it  acts  upon  two  bodies  or  u| 
two  parts  of  a  body.    The  two  ends  of  a  strtise  are  called  itfl  actic 
(or  force),  and  its  reaction.     Either  end  may  be  called  the  acti< 
(or  force),  and  then  the  other  (^nd  would  be  called  th4*  reaction 
the  force.     A  force  and  its  reaction  are  developed  at  the  same  tim< 
and  one  exists  just  as  long  a«  the  other.     It  sluHjltl  (n^  cai*efuJl!l 
noted  that  a  force  and  its  reaction  always  act  upon  diiTerei 
bodies. 

This  two-endedness  of  a  stress  is  described  by  the  statemci 
that  every  force  has  an  equal  ami  oppoa^itely  directed  reaction  actii 
upon  a  different  body.  This  is  calletl  Newton's  Third  Law 
Motion. 
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9.  niustralions  of  Force  and  Reaction. — Consid*!r  a  body  falling  towi 
the  (Mirth.     If  the  eurth  pulls  down  upon  tl 
body,  it  follows  that    the   body  puilH   up 
the  earth  with  an  equal  force.     Thi.s  foroe 
be   represented   by   tlit;   lines  ^^  and  F\ 
Fig.  3. 

If,  inatead  of  falling,  the  IxMly  resU  u| 
a  table,  there  are  the  sauie  u<!tion  und 
action  due  to  the  earth's  gravit^iiional   foi 
But  there  is  now  an  additional  stress  due 


r 
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aa  before  (^1  and  Ki,  Fig.  4). 
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the  panive  resistance  offered  by  the  table,  which  exactly  counteracts  the 
tendency  of  the  body  and  the  citrth  tx)  come  together.  The  table  pushes 
upward  on  the  body  with  a  force  Fi,  and  the  table  also  pushes  downward 
upon  the  earth  with  an  equal  and  oppositely  directed  force  ^^'2. 

It  must  not  be  forgotten  that  the  action  and  the  reaction  are  always 
apfdied  to  different  bodies.  If  two  forcxij  arc  applied  to  the  same  body  so  as 
to  oppose  one  another's  effect,  one  is  the  action  and  the  other  is  the  counter- 
action. Action  and  reaction  arc  the  two  ends  of  a  single  stre&s;  action  and 
counteraction  are  two  ends  of  different  stresses.  Action  and  reaction  are 
equal:  action  and  counteraction  are  not  always  o<]Uul. 

Consider  the  case  of  the  horse  and  cart.  One  often  hears  the  query, 
"  If  a  horse  pulls  a  cart  and  the  cart  pulls  ba(^kward  on  the  horse  to  an  equal 
ext«nt,  how  can  either  the  horse  or  cjirt  move  with  refcn.»nw  to  the  earth?  " 

To  answer  this,  consider  fiiwt  how  it  is  tha*.  the  horse  can  move  over  the 
earth  when  be  is  not  pulling  the  cart.  In  this  ease  he  ptLsht^s  backward  on  the 
earth.  The  earth,  therefore;,  pvwhcs  forward  ujxhi  him  with  an  w|iial  force 
thereby  causing  him  to  move.  If  anything  is  f:i.stenctl  to  him,  whether  above, 
behind,  or  in  any  other  position,  it  must  also  move  if  he  moves.  If  the  object 
fastened  to  him  is  a  saddle,  the  saddle  pushiw  down  utM)n  his  buck,  and  he 
pushes  up  against  it,  but  the  slresH  bt^t-wei»n  the  iKjrsc  and  the  siiddle  does 
not  prevent  his  moving  along  the  earth.  In  the  sjiine  way,  if  the  <»l)ject  fas- 
t^ied  to  him  is  a  c^rt,  he  pulls  forward  on  the  cart  aiul  the  cart  pulls  back 
with  equal  force  upon  him.  But  the  pull  that  the  cart  exerts  on  him  and  the 
push  that  the  earth  exerts  on  him  are  parts  of  different  stresses,  and  if  the 
push  of  the  earth  is  greater  than  the  pull  of  the  cart,  he  starts  the  cart  and 
makes  it  move. 

In  Fig.-  5  let  the  rectangle  A  represent  the  horse,  and  the  rectangle  B,  the 
cart.  The  horse's  feet  push  backward 
against  the  earth  with  a  certain  force  f  1, 
while  the  earth  pushes  against  the  horse's 
feet  in  the  opposite  direction  with  equal  —^1 
force.  The  hone  pulls  on  the  cart  with  a 
force  F%j  while  the  cart  pulls  backward  on 
the  horse  with  equal  force.  Frictional  and  other  passive  resistances  between 
the  cart  and  the  earth  exert  on  the  earth  a  force  ^t  which  develops  an  ctpial 
and  oppositely  directed  reaction  on  the  cart.  Call  forces  acting  in  the  direc- 
tion of  motion  positive,  and  forces  in  the  opposite  direction  negative. 

Then,  if  the  road  is  level,  the  total  force  acting  on  the  horse  Ls  {f\  —  Fj), 
and  the  total  force  acting  on  the  cart  is  {Ft—Fi).  If  the  motirm  of  the  horse 
and  cart  is  uniform^  the  total  force  acting  on  the  hor»e,  is 

{F,-F,)^Q, 
and  the  total  force  acting  on  the  cart  is 

(FM-FBy^O. 
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Therefore,  in  onlcf  to  keep  the  cart  moving  uniformly,  the  horso  needs  to 
«xert  a  force 

If,  howi'v(?r,  the  horse  is  to  inoreaw?  the  (Tart's  motion, — for  example,  if  he 
is  to  start  it  from  rest,— then  both  (f'l  — ^^)  and  {F,—Ft)  must  be  greater  than 
sero.     Thai  in,  we  must  have  t\  greater  Ihau  Fi,  and  Ft  greater  than  Fi. 

10.  Hero's  Engine. — A  liquid  or  gas  undor  pressure  in  a  tube  will  exert 
a  foree  againt^t  each  (wtml  of  the  iiuicr  tnirfur?.  Associated  with  earh  of 
these  foTi-es  there  is  a  rca<:tion  nrting  upi^ii  tin?  liquid  or  gus,  having  the 
HamP  mngniliidc  as  the  fnrrn  at  tho  given  jmint,  nnd  artiiig  in  the  opposite 
dir«!tiuti.  Ill  Fig.  6  forc^v  acting  uiMin  the  tid>c  an^  represented  by  arrows 
directetl  away  fuun  tin-  Mxis,  and  forces  nrting  upon  the.etintained  fluid  by 
arrows  directed  toAurd  the  axis.  The  fluid  eannot  ptwh  agRinst  the  tube  at 
any  particular  jxiint  unless  the  tube  pushes  againsl  the  fluid  at  that  [.Kjint. 

If  holes  be  made  ihmugh  the  walla  of  the  tube,  for  example  at  u  and 
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b.  Fig.  7,  there  will  be  no  wall  at  these  pointa  to  exert  force  against  the  eon-- 
taincd  fluid,  and  coiise<iuently  no  forces  at  these  points  pusliing  against  the 
tube.  ^m 

When  all  points  of  the  inside  of  the  tube  arc  acted  upon  by  equal  foreet^f 
as  in  Fig.  U,  there  is  no  tendency  fi)r  the  tube  to  move.  But  when  there  are 
some  ;i()int.<4  at  which  there  are  forces  and  some  at  which  there  are  none,  as  in 
Fig.  7,  the  tul>e  will  twnd  to  move.  With  the  holes*  at  «  and  6,  the  tul>e  will 
tend  t<i  rotate  in  the  clockwise  direction  about  an  axis  |ierjH^ndicular  to  the 
plane  of  the  paper  through  C.  ^^ 

Ilenj's  steam  engine,  devised  about  120  B.C.,  consists  of  a  boiler.  Fig.  8,^" 
capable  of  rotation.     When  the  steam  generated  in  the  boiler  issues  from 
holes  near  the  ends  of  the  tuU's  arranged  as  shown,  the  tubes  will  bi.'  ptished 
in  the  direction  opjMmIe  to  that  of  the  I'vtuing  steam.     Many  lawn  sprinklera 
operate  on  the  same  principle. 
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11.  Independence  oi  Forces. — As  the  result  of  experience  and 
of  observations  extending  through  several  centuries,  it  has  been 
concluded  that,  if  several  forces  act  simultaneously  upon  a  body, 
each  force  produces  its  own  effect  independently  of  all  the  others. 
This  is  caUed  the  Principle  of  the  Independence  of  Forces. 
Whether  a  body  be  at  rest  or  in  motion,  the  effect  of  an  applied 
force  is  the  same. 

A  boat  being  rowed  across  a  river  is  acted  upon  by  two  forces — one  due  to 
the  current  parallel  to  the  bonks  and  another  due  to  the  rower  perpendicular 
to  the  banks.  Each  stroke  of  the  oars  causes  the  boat  to  advance  perpen- 
dicularly to  the  banks  by  just  the  same  amount  that  it  would  if  the  boat  were 
not  at  the  same  time  drifting  downstream. 

If  a  ball  be  projected  horizontally,  it  will  fall  the  same  distance  in  a  given 
time  that  it  would  fall  if  the  horizontal  motion  were  zero.  > 

12.  Equilibrium. — A  system  of  forces  applied  to  a  body  is  in 
equilibrium  if  the  motion  of  the  body  is  unchanged  in  magnitude 
or  direction  by  the  action  of  the  forces.  A  body  is  said  to  be 
in  equilibrium  when  the  forces  acting  upon  it  are  in  equilibrium. 
If  the  system  of  forces  acting  upon  a  body  is  in  equilibrium,  the 
combined  effect  of  all  the  forces  on  the  motion  of  the  body  is  zero. 

To  be  in  equilibrium  a  body  need  not  be  at  rest.  In  the  case 
of  the  horse  and  cart,  if  the  horse  pushes  directly  backward  on  the 
ground,  then  as  long  as  the  pull  of  the  cart  backward  on  the  horse 
equals  the  push  of  the  ground  forward  on  the  horse,  the  horse 
goes  on  with  the  same  speed  in  the  same  direction.  That  Ls,  he  is 
in  e<]uilibrium,  although  he  is  not  at  rest.  If  the  horse  should 
push  backward  on  the  ground  and  at  the  same  time  sidcwist*  on  it, 
so  as  to  turn  a  corner,  he  might  continue  to  move  just  as  fast  as  he 
was  going  before,  but  since  the  direction  in  which  he  goes  would 
be  changed,  he  would  no  longer  be  in  equilibrium. 

13.  Mechanibal  Advantage. — The  ratio  of  the  force  developed 
by  any  machine,  to  the  force  applied,  is  called  the  actual  mechanical 
advantage  of  the  machine.  The  ratio  of  the  distance  through 
which  the  applied  force  acts,  to  the  distance  through  which  the 
opposing  force  acts  is  called  the  theoretical  mechanical  advantage. 

It  is  frequently  required  to  move  a  given  body  through  a  certain  distan' 
in  a  given  direction  against  a  force  that  is  much  larger  than  ih&t  at  qui  ^\is^ 
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For  the  solution  of  such  a  problem  thnro  qtp  many  riggings  of  blockfi  and  taci 
of  different  merlinniml  aiivantuges  that  require  various  e^iuipiueots  nf  roj 
and  pulleys.     The  particular  one  sele(!tod  will  depend  uiK>n  the  rwjuirpmeni 
of  the  problem  and  also  ujhju  the  equipmeut  at  one's  disposal.     Some  of 
standard  riRgingff  arc  r<'i)rcarnt<Ml  io  I'^i^.  9. 

A  pulh?y  rnnsista  of  one  or  mnre.  wheels  with  grooved  rinrw,  called  ahcAV^ 
supported  in  a  frame  called  a  block.     In  the  present  discussion  wc  tfhall  assv 
tbe  rope  to  lie  jHTfectly  flexible  and  the  ax]c  without  friction.     In  this  rase 
tension  in  the  rojM?  on  the  two  sides  of  a  sheave  will  be  equal.     In  the  acii 
case,  however,  the  tensions  on  the  two  sides  of  a  sheave  will  differ  by  an 


SinoU  Whip 


Jiunninif  TackU 


PstP 


&ufi  Tackle 


Luff  or.  Lujf 
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depending  upon  the  friction  of  the  axle  and  the  !*tiffncss  of  the  rope.     For 
ro|K!  (jf  ordinary  size  the  dilTerenee  may  be  tjiken  to  be  aliout  ontstenth. 

In  the  diagrams,  Fig.  9,  the  applied  force  is  represented  by  the  s>-mbol 
an<l  the  force  produced  by  /'".     If  it  be  desired  to  simply  change  the  dii 
iiv  which  a  force  Is  appUed  without  producing  any  mechanical  udviuituge. 
Single  Whip  may  \te  used.     In  the  Running  Tackle,  the  roix*.  one  end  of  whi( 
is  fixed,  is  passed  aromid  a  movable  pulley.      The  movable  jjulley  is  pi 
efiually  by  the  rope  on  each  side  thereby  producing  a  raechanical  advanl 
of  two. 

With  a  rope  and  two  single  pulleys,  one  of  which  is  provided  with  t^ 
Dirf®**  **^  have  the  Clun  Tackle,  which  has  a  mechanical  advantage  of  eil 

1  or  tliree,  depending  upon  which  is  used  as  the  running  pulley.     If 


»T  A  be  provided  with  two  sheaves  we  will  have  the  Liiff  Tackle  of  mi'chan- 
ttdv3nla|?3  four.     The  Luff  on  LufT  consists  of  one  luff  attnehed  to  another 

a  mechanicail  advantiige  of  sixteen. 

Wbm  tfar  friction  oi  the  puIK'vs  and   the  stifTncsB  of  the   rope  ore  neg- 

brlcd,  the  actual    tDCchanical   advantage  equals  the   theoretical.     But  when 

ihrr  ur  not  neglected,    the  actual   mechanical  advantage   is  lesa  than  the 
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from  any  difference  in  vahie,  would  there  he  any  advantage  in 
in  New  Orleans  iirul  selling  in  New  York.  pn)vi(iwi  the  same 
^talancp  were  used  at  earh  plare? 

X  A  heavy  body  la  suspenile<l  liy  a  string,  and  has  another  string  attArnhed 
iloHilnniTreade.  If  the  lower rttrin^  is  jerked  Nuddenly  downnurd  it  will  break, 
iviub  if  a  Bteady  pull  is  applied  to  it,  thti  upper  »triu|j;  will  break.  Kxplain 
fuUy,  Aattn^  the  phy«tcid  law  involved  in  the  ex]>Ianation. 

Sk  E]^bun  the  agit^itinn  of  a  liquid  when  hntilicd  in  a  tank  over  a  rough 
itiad.  Explain  the  diflieulty  experit-iired  by  ii  dog  in  cutchtng  a  dodging 
nbbiL 

i.  In  tplitting  wood,  a  man  will  sometimes  drive  the  axe  into  the  chimk 
wmA  tbeo,  while  the  axe  is  in  the  chunk,  stnkc  the  chopping  blork  ^Wth  the 
btA  «if  the  axe  head.  At  other  limes,  while  the  a\v  is  in  the  chunk  he  will 
stiike  the  chopping  block  with  the  chunk.  When  would  each  method  be  the 
proper  one  to  employ? 

I.  Rrpraeent   graphically  the  forces  that  act  on  each  of  the  following 
(a)  a  man  in  a  liammock  at  ro*t ;    {h)  the  pendulum  t>i  o.  clock  at  the 

ol  il*  awing;  ic)  the  piston  of  a  steam  engine;  [<t)  the  j>addle  of  a  canoe; 
(«)  a  ifrnng  Itoard  at  rest  when  yoii  are  on  one  end  of  it. 

6>  A  man  standing  <»n  a  phitfurm  ariilesi  fircH  a  rifle  bullet  (a)  into  the  plat- 
furm:  ltt>  vi'rtif'ally  upwiu'd  into  the  air;  (r)  horizontally  into  the  air.  What 
ladxxiiou  will  b»-  oli^rv-i'd  on  the  scale  bean)  in  carh  cajw? 

T.  If  «n  r^lway  truing,  and  the  uniniukf  nn  the  earth  were  .simult^mcously 
to  ttxrm  cu^tward,  what  would  be  the  ultimati^ctfcct  u]Mjn  tht*  earth's  niutiifn? 

ft.  What  is  the  cause  of  the  "  kick  "  of  a  rifle?  Would  a  kick  be  produced 
il  tihe  gun  were  fired  in  a  vacuum? 

ftk  llow  could  a  man  on  a  perfectly  smooth  horizontal  table  move  hinwelf 
in  a  hori«nntal  direction? 

10.  A  body  renting  on  the  floor  is  pulled  downward  by  its  weiglU  and  is 
puibed  u|iward  willi  an  equal  force.  Hence  the  re^ultnut  force  in  the  vertical 
difoctioQ  is  SKTfi.  Why  wUl  not  any  additional  ujnvard  force,  however  sntall, 
duur  the  borly  to  move  upward? 

II.  Could  tt  wiilboat  be  propelled  by  the  impact  on  the  .-Jail  t)f  compressed 
ur  fMMiMDK  from  a  tank  on  the  Htcm?  Would  it  make  any  difference  if  the 
i^tnaca  of  air  wctc  directod  backward  over  the  stem?    Explain. 
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12.  With  Hero's   engine,    rotation  is  pmdtired  when  the   steam   eeoftf 
iuU)  the  uir.    Show  thai  the  eauie  effect  would  be  produced  if  theeugine  wcr 
iu  a  vacuum, 

13.  Thcrc  is  t-he  some  tension  throughout  the  rope  being  puUed  by  ti 
tug-of-wur  teams.  That  is,  the  winning  team  is  puIUng  with  the  same  foi 
as  the  weaker  team.     Explain. 

li.  Discuss  the  fulluwing:    "  Supiwse  the  wheel  in  Fig.  10  i»  not  rigi( 
fastened  to  its  axle,  hut  connected  by  ball  beiirings,  ao  you  can  Hft  the  axl< 
with  the  wheel  on  it,  out  of  the  Frame,  and  the  wheel  contiiiuee  to  rotate 
once  set  in  motion.     If  you  make  it  move  clockwise,  hy  pushing  it  at  the  pi 
of  the  arrow,  your  body  will  oxert  a  stress  on  the  earth,  to  the  left,  of, 
10  units,  and  the  push  to  the  right  will  mostly  go  into  the  wheel;  oidy  a  si 

share  into   the  frame;    8ny  !>  uiiit,s  against    1    unit 
When  lifting  axle  and  wheel  out,  putting  the  lati 
on   the   floor  etlgcwise.    it  will    run   fon^'ard   on   tl 
flo»>r,   i*}  the  right,  imtil  the  *.)  uniLs  are  exhaust 
by  friclinn.     Then  aotioii  ami  renctinn  will  be  alikf 
lU  unitB  each  way.     iiut  if  instead  of  puHhing  tl 
wheel's  upper  part,  you  push  '\\»  lower  part,  umking^ 
it    rotate   coimKrolockwise,   and  then  put  it  on  the 
floor,   it  will  go  fo^^•ard  to  the  Uft.    Then  the  action 
on  the  gn>und   will   be  19  units  to  the  left  tintl  but 
1  unit  to  the  right — action  and   rea<^tion   not  being 
the    reaction    not    opposite   to    the   reaction." — 


Ki(i.  10, 


alike    any    more, 
N.  Jofaaiinscn. 


and 


14.  Units  of  Length. — By  legislative  enactment  the  various 
countries  have  h'galized  certain  standards  of  lenp^th.  There  arc 
hut' two  that  are  <'xtenHivdy  used.  The  foot  i.s  one-third  of 
the  British  Standard  Yard.  Thin  latter  is  by  law  defined  to  l>e 
the  tlislance,  at  the  temperature  62®  F.,  hetween  the  centers  of 
two  transverse  Unca  on  a  certain  bronze  bar  depositt^d  in  the 
Office  of  the  Exchequer  in  I>*>tidijn.  The  foot  is  the  unit  of  length 
eiiiployed  in  engineering  and  in  ordinary  life  throughout  all  Eng- 
lish-speaking  countrie-s. 

The  unit  of  length  iti  I'onjmon  use  throughout  the  continent 
of  Euroijc  Is  called  the  ini'ter.  The  meter  is  the  distance,  at  the 
temiKMature  of  nu4ting  ice,  Ix'tweini  two  parallel  lines  engrave<l  on 
a  certain  plaiinuui  !>ar  preserved  in  the  Archives  in  Paris.  One 
thousand  meters  is  called  a  kilometer;  one-tenth  of  the  meter  ia 
called  a  decimeter;  one-himdredth  is  called  a  centimeter;  and  one- 
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thoua&ndth  U  called  a  miliiinuter.  In  scientific  work,  throughout 
the  world,  the  centimeter  Is  used  as  the  unit  of  length. 

Tlie  meter  wua  iul,ende<l  to  be  one  teii-niillionth  part  of  the 
distance  from  the  equator  to  one  of  the  ]xilejs  of  the  earth.  In 
1799  very  careful  surveys  were  made  fcjr  the  purpose  of  determin- 
ing t^u5  distance,  and  from  this  measurement  tlie  meter  was  con- 
stnicted.  More  recent  surveys  have  hIiowh  this  meastirement  to 
be  alightly  in  error.  It  is  now  known  that  a  quadrant  of  the 
mrtli'ti  surface,  instead  of  measuring  10,000,000  meters,  is  more 
nearly  equal  to  10.000,880  meters. 

The  relation  between  the  two  unit«  of  length  is  shown  in  the 
following  table: 


t  centimeter  =  U  39371  inch 
I  nirter  =3  2809  ff^Pl 

1  kilometer   =0  62130  milc! 


1  inch  =  2.531>0  e«ntimet«ra 
1  font  =0  30179  tm^tfr 
1  niilf  =  1  iiCi^YS  kilometers 


15.  Work. — When,  in  opposition  to  a  resisting  force,  the  posi- 
tion of  a  iMKiy  is  changed,  work  is  said  to  be  done  itgainsi  the  force. 
Work  may  be  defined  as  the  accomplishment  of  a  change  in  the 
poKitidn  of  a  Ixh1\^  against  an  oj^posing  force.  Work  done  V)y  a 
force  id  called  positive  and  work  done  against  a  force  is  called 
negative. 

If  A  body  is  lifted,  work  '»  done  againut  the  force  of  gravity.  If  a  spiral 
■prini;  is  compreaseil',  work  'n^  ddiie  ukuiiikI  tlu*  hyrc*'  of  i\n'  ^[iririK.  If  u  body 
I*  4f*ggeii  nJoug  the  ground,  work  L^duiio  a»£:uiiHt  tlie  frictioital  rcHmtjuicc  to 
moUtiii.  If  a  nmii  swiios  up-strcom,  he  do(«  wnrk  ti^^uinsl  tlic  curreiit.  whether 
he  m  »dvtuit'iiiK  or  whHiher  hw  position  with  rcfereiKf  to  thi*  eurth  do«*  nut 
chftUgpL  Sinro  in  widkirig  a  man  rMi:5cs  himself  at  cau^li  step,  wnrk  w  here  done 
agtunei  llie  force  of  jinivity.  Siru-w  our  iduhcIc^s  ari^  coiiKtatitly  relaxing  aud 
rtcoveriog,  work  is  done  againnt  thn  forr<^  of  gmvity  when  we  alt^mpt  to  stand 
for  any  ponsidorahle  length  of  time,  or  when  we  hold  a  hea\'y  body  with 
iohrd  Hrm. 

Wftlkmg  iNinHtsU  of  a  sericR  of  interecpt«d  falU.  At  each  step  the  body 
mjged  ufoitiist  ihp  foriM?  of  gravity  through  a  certain  distance,  and  then 
alktivfv]  tn  fnll  througli  the  some  dlstnnf^e.  This  distan(^'  Is  about  1.25  in.  for 
a  amn,  and  alx»ut  3  in-  for  u  horse.  Thiw  at  oath  step  a  iMisitive  un>ounl  of 
irork  w  done  ag^unf*!  the  forw  of  gnvity. 

The  rider  of  a  racing  Siilky  ia  behind  tht?  uxlc,  ihus  tending  to  lift  the 
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horac.     By  this  arrangomrnt   thr  work  done  by  the  hoFRO  in  lifting 
ut  each  step  is  Uiininisiii^i. 

No  work  in  done  whi'ii  a  boily  rcata  uimjii  a  lahle  or  when  the  pressure 
the  Bleam  in  an  cnteine  dm^  not  move  ttie  ptgton.  No  work  is  done  whea 
piece  of  iron  is  auppor1«d  either  by  a  string  or  by  a  magnet. 

It  should  be  kept  iii  mind  tliat  for  the  performance  of  woi 
the  two  IxKiies  between  which  the  stress  exists  must  move  wil 
respcet  to  one  another. 

16.  Measure   of  Work. — From   the   definition   of  work,   t\ 
quantity  of  work  done  against  an  opjwsinji;  fort'o  depends  u|: 
both  the  nia^cnitude  of  this  fonv  and  the  <ti.'*plaeenient  i-fTeeti 
against   this   force.     As  an   arbitral-}^   eonvention^   if  a   l)ody 
movetl  in  the  hnc  of  action  of  an  oppoj^iiig  fort'e,  the  magnitude 
the  work  done,  for  a  given  cliauKe  of  the  tUKlaiice  hi^tween  t! 
bodies  lK*two6n  wliich  the  stress  exists,  is  taken  to  l>c  direct! 
prpportiona!   to   llic   resisting  force;   and,   for  a  given   resistii 
force,  the  work  done  is  taken  to  l)e  tlirectly  pro|x)rtional  to  tl 
change  of  distoiuce  between  the  bodies  between  which   the  sii 
exists. 

A  combination  of  these  two  variations  gives  the  law,*  %f 
body  is  moved  in  the  direction  of  the  Hth^  of  action  of  a  force,  the  ux 
done  in  nwasured  by  the  yrodud  of  the  force  and  the  displacement 
the  body. 

Or,  in  symbols 

W  =  Fx 

If  the  angle  V>etweeti  the  direct  ion  of  the  force  and  that 
the  displaceirienl  lie  zero,  tiie  work  is  done  by  the  force.     If  tl 
angh'  he  ISO",  the  work  is  done  againat  the  force.     If  the  angle 
90**,  no  work  is  done  either  by  or  against  the  force. 

ir  the  direetioii  of  Uie  force  F  makes  an  angle  0  with  that 
the  displaiemeut  x,  tlie  work  dune  eciuals  the  product  of  the  foi 
imd  the  ]>rnject.ion  of  the  displacement  in  the  direction  of 
force.     Thus,  in  general, 

W=-Fxcm4^ 

*U  A  vmri«a  u  B  wb«n  C  is  conatMit.  uid  A  rutnt  u  C  when  B  U  oonaUnt,  tbcn  will 
M  BC  wbeD  both  B  and  C  vmry.    Hall  and  Kuicht,  "  Higher  Alffrbni."  p  23. 
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FtequenUy  a  frei^i  c&r  is  moved  by  a  locomotive  on  a  parallel  truck  by 
nmisof  a  fiole  AB,  Ftg  11.  Let  the  force,  in  the  tliroction  nf  the  i^le  Iw  F, 
tbt dnpUrcnuml  of  the  car  be  x  and  the  angle  between  the  )N)le  and  the  truck 
be^  Then  the  projectwrn  of  the  diKplaeeniont  in  tlie  direction  of  the  pole 
■il  be  [CD «»  \i  ooe  ^,  and  the  work  done  will  be  W  -  Fx  ooa  ^. 


T 


Fig.  11. 

17.  Ef&ciency. — The    ratio   of    tlie  work  dovi»IoiK'<i   l>y  any 
nv.  to  the  work  applied  to  it,  is  called  the  efficienq/  of   I  he 

mnehiiie. 

18.  Energy. — If  a  spiral  spring  be  compressed,  a  foice  must  be 
exfcrted  through  a  certain  distance — that  is,  work  must  be  done 
on  the  spring.  If  the  oompi-essed  spring  be  released  it  can,  iji 
tnm,  do  work  on  some  other  body.  Similarly,  if  a  l>ody  be  raised 
from  the  earth  against  the  force  of  gravity,  work  must  be  done  uikui' 
the  body.  If  the  e.levat<>d  l)ody  ho  allowed  to  fall,  it  can  do  work 
on  some  other  botly.  Again,  by  applying  force  at  the  shaft  of  a 
fly-wheel,  the  fly-whe<^l  <'an  lie  set  in  rotation.  After  being  i*et 
in  rotntion,  the  fly-wheel  can  do  work  on  some  other  Ixnly  in 
Iwing  brought  to  rest. 

In  the  above  examples  of  the  distorted  spring,  the  body  raisetl 
agaiiiKt.  gravity,  and  the  body  set  into  rotation,  all  have  the  nbilily 
lo  do  work  on  account  of  work  having  previously  been  iloue  uiwm 
them  in  bringing  them  into  their  pre-sent  condition.  The  abilily 
to  do  work  is  ealle*l  energy.  Enenjy  is  stoivd  work.  The  ntiiouiit 
erf  energ>'  iKJSsesi^ed  by  a  system  of  bodies  is  the  amount  of  work  it 
can  do  in  passing  from  its  present  condition  to  some  staiKlai*d 
condition.  Energy'  may  appear  in  many  difftTcnt  aspects.  Thus 
we  «penk  of  mechanical  encrg\',  heat  energy,  electrical  energy, 
etc     Bnergy  in  any  form  can  l)e  ti*ansff)rmed  into  any  other  form. 

19.  The  Principle  of  the  Conservation  of  Energy.-  Wlitnev*  r 
wurkis  done,  one  .■system  of  Utdies  loses  energy'  and  anotber  gains 
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enerj^y.     Tiie  results  of  most    riirofiilly  pliinneil  and  aociiratel; 
executed  exixTiinenls  indiruU'  thai  t hi- amount  n}  nwrgy  hhst  hy 
system  of  bodies  alwiiys  equals  the  antomU  of  energy  gaitied  by  a 
other.     \\\    otlitT    wonls,  energy  tvin  lie  neither  created  nor  d 
stro^'eil.     All  observed  natural  i^henmiiena  are  in  accord  with  t 
conclusion.     This    very    iiiiiHirtAiit    frencrulization    is    called    t 
Print-iple  of  the  Conservation  of  Energy. 

It  Hhf»nld  lie  noted  that  there  is  no  such  thing  aa  a  law  of  t 
conservation  of  force.     Force  can  be  either  ci-eatetl  or  destroy 
at    one    part,  of  a  system  of  Inxlii^s  without   riiiy  eorn'.spondin, 
change   of   foree   taking   plaee   in    the   reniuinder  of   the   s^stei 
Force    may   appear  or  disapjx^ar   without    any   eluing(>    in   t 
energy  of  the  .system.     Work  is  not  n'fjuirecl  to  produce  fore 
nor  is  energy  neei*ssarily  liberated  \vhen  force  di^apfwars.     Thi 
failure  to  appreciate  these  facts  has  been  a  fruitful  source 
disap[>ointment  for  inventors  of  "jx^rpetual  motion"  nmehin 

20.  The   Branches    of   Physics. — Any    great    department 
knowledge  iji  which  the  results  of  investigation  have  been 
related   and   systematized   Is   calknl   a   science.     Physics   is     thi 
science  of  energ^v.     It.  investigates  those   [)iienoniena  of   nature 
which  depend  either  upon  the  transfer  of  energ>'  from  one  body  t^^| 
another,  or  upon  the  transformation  of  energ\'  from  one  asjx'ct^ 
into  another.     For  conveiiienee  of  study,  physics  is    fretjuently- 
divided  into  the  following  branches:    Dynamics,  Sound,  Heai 
Electricity,  Magnetism,  and  Light.     Dynamics  is  that  branch 
physics    whicli    iiivestigates    force.     Dynamics    is    divided    in 
Statics  and  Kinetics,     Statics  treat-s  of  forces  in  Wjuilibrium,  whiU 
kinetics  treats  of  the  relation  of  force  to  motion. 

Newton  gave  the  name  mechanics  to  the  s<'ience  of  machii 
or  the   application  of  dynamics   to   machinery  and  engineeri 
struet.uri.»s.     In  tlus  he  is  followed  by  most  logical  modern  write 
although  it  is  not   infre<fuent  to  see  the  terms  dynamics  aa 
mechanics  used  interchangeably. 
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§1.  Static  Moments 

21.  Traoslation  and  Rotation. — By  translation  is  meant  a 
displacement  nf  n  Inwly  from  onr  position  to  another  in  such  a 
nmuiior  that  all  (x»iDl«  of  the  Ixxly  trMvorsc  equal  i>!ir.illel  paths. 
A  rlifiphie<»mrni  of  a  Ixxly  such  that  all  iH)intH  <k'.Hrrii>o  cirriiljir 
patiis  jilK>ut  the  same  axis  is  callrd  rotation.  The  axi.s  of  rotation 
may  tn*  outside  the  Uxly  or  it  may  puss  Ihrou^^h  the  iMxly. 

Motion  of  translation  is  often  called  linear  motion,  and  motion 
of  rotation  is  often  eaUe<l  angular  motion. 

Motions  in  opposite  directions  arc  di.stinjruisliod  by  the  signs 
plu»  and  minus.  Itotation  iu  the  dircc(i<>n  of  (he  hantls  of  a  clock 
taay  be  t^mietl  positive,  and  rotation  hi  the  count^rclockwbe 
direction   neKulive. 

22.  Torques.  Moments  of  Forces. — When  a  force  is  applied 
to  a  IxmIv  capable  of  an^ilar  motion,  a  clwin^e  in  tho  aoKular 

n  will  be  i>ro<luc.ed  if  the  line  of  ucli<jn  of  the  force  does  not 

through  the  axis  of  rotation  of  the  Ixjdy.     Whenever  the 

gular  vckxHty  of  a  b(»dy  alK)ut  any  axis  is  chanjcing,  there  is 

id  to  la}  a  "torque"  actinjr  about  the  given  axis.     A  torque  is 

Dikthing  capable  of  producing  a  chaiige  iji  the  angular  velocity  of 

body. 

The    nimierical    mea-sure   of  the  turning  effect  of  a  force  in 

fmrhK'irig  a  change  in  angular  velocity  is  termed  the  moment  of 

fore*:.     Thus  a  torque  is  measured  by  the  moment  of  the  force 

(•ling  on  the  body. 

The  moment  of  a  force  ecpials  the  product  <if  the  fnnr  iiiid  \\\\\ 

perjx'ndicular  distance  from  the  axis  of  rotation  \A  the  Ixxly  t*» 

e  line  of  action  i»f  the  force. 
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A  moment  tending  to  produce  mtation  about  the  given 
in  the  clockwise  direction  Ls  termed  positive;  one  tending  to  pi 
duce  itjtalioii  in  tlu*  c^juntrrclockwise  direction  is  termed  negative 

Wlien  a  lx>dy  is  in  et^uilibrium  the  motion  is  constant, 
there  is  no  change  of  angidar  motion  about  a  given  axLs,  the  si 
of  the  moments  with  n\s[K'ct  to  that  axis  nf  alJ  tlie  forces  actii 
upon  the  body  must  equal  zero.     Hence  ij  a  body  is  in  equilibrium 
under  the  action  of  any  number  of  co planar  forces,  the  algebraic  sw 
of  the  moments  of  all  the  forces,  about  any  axis  normal  to  their  plat 
equals  zero. 

This  proposition  is  called  the  Theorem  of  Moments.     In  usi 
the  theorem  of  moments,  due  regard  tnu.st  be  i>aif]  to  the  sign 
each  term.      AVlicn  tli-stances  are  measured  in  het,  and  foixr< 
in  poimds  weight,  moments  of  forces  are  expressed  in  pound-feel 
When  distances  are  measured  in  met-crs  and  forces  in  kilogri 
weight,  moments  of  foiT'es  are  expressc*ti  in  kilogram-meters. 

The  perpendicular  distance  from  the  axis  of  rotation  of  a 
to  the  line  of  action  of  the  fon^'  is  calleni  the  hn>er  arm  of  the  for< 
From  the  fact  that  the  moment  of  a  force  is  measured  by  th 
pnxluct  of  the  force  and  its  lever  arm^  it  follows  that  if  the  lev( 
arm  is  long  enough,  the  moment  may  be  large  even  when  tl 
force  is  not  ver>'  great,  and  tliat  with  a  very  small  lever  nxiw  the 
moment  of  the  force  would  not  amount  to  much  unless  the  force 
was  a  ver\'  great  one.  In  fact,  if  the  lever  arm  is  zero,  the  moment 
of  the  force  is  zeio,  whatever  finite?  value  the  force  may  have^| 
This  simply  means  that  when  tlui  lino  of  ff)rce  passes  thruugh  th^^ 
axis,  no  force,  however  great,  makes  the  body  tend  to  turn  in 
either  direction. 


aj.  Illustrations  of  Moments  of  Forces. — In  Fig.   12,  let  e  be  the  poi( 
of  rotUucl  of  the  edge  of  a  spool  of  thread  uil 
thi^  tiit>Ie.     The  loose  end  of  the  thread  is  pull^ 
with  a  farce  h\    This  force  tends  to  make  the  si 
Q        \Y  turn  about  the  fKunt  c. 

If  the  thread   is   pulletl  in  the  direction  indi- 
cnted,    tbe   line  cd.  uhii  h  is  iho  Juver  arm  of  the 
form,  will  iif  iihovr  thr    tahle.     The    spool    wj 
roll  to  thr  right  and    wim!    uji  ihr  thread. 
Fig.  12.  however,  the  thread  is  pulled  in  a  direction  moi 
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Mftriy  fftnught  up  from  the  tabic,  the  lerer  arm  will  lie  below  the  table  tap. 
In  this  caae  the  spoil  will  roll  away  to  tho  loft  and  unwind   the  thread. 

The  lcv«T  IS  a  familiar  application  of  the  tht^tjreiu  uf  iiioriiinili*.  ll  cuiisists 
of  a  rigid  rod,  either  straight  or  bent,  cupublc  of  rotation  about  a  tixe<l  nxia 
eatled  the  fulcrum.  Tlie  forces  applied  Co  a  lever  arc  in  a  plane  perpendicular  to 
Ihb  axis.  There  is  always  one  force  at  t  he  f  ulcnim.  If  there  are  but  two  ol  her 
focQESt  ihn  poeition  of  tiie  fulcrum  with  reference  to  thcdc  forces  gives  rise  to 
three  III  ■mil  of  levers,  which  cau  be  studied  in  the  following  tbn^^f  diagrainj) ; 

Let  C  \te  the  ftilcnim  about  which  rotation  can  take  place;  and  let  F  and  F' 
be  two  forces  in  equilibrium.     The  condition  of  equilibrium  ia  uow  to  be  deter- 


r" 


Fia.  13. 


Fia.  14. 


Fio.  15. 


TImb  oune  analyms  applies  to  all  three  cases.  From  C  draw  linGM  CA  an( 
CB  petpendicular  to  the  linua  of  action  of  the  forces.  Then  since  the  lever  is 
in  equilibrium,  the  aimi  of  the  moments  of  the  forces  about  the  fulcrum  muat 
equal  lero.     Tliat  is, 


Thb  mf^h^nii^X  advantage  of  a  lever 
Mceb.  Adv 


r_F'l  _CA 
IF  \~CB' 


111  hauling  wagons,  horses  can  exert  all  diiy  without  discomfort  a  pull  of 
About  ooe-Centh  of  their  weight.     In  connecting  to  a  wagon  two  or  more 


FiQ.  16. 


Fio.  17. 


&  bar  called  an  evoncr  is  employed.  If  the  evener  pin  C, 
Fig.  15.  w  iri  the  line  cfjnnecting  the  whiflletree  piiiK  ,1  and  H,  then,  for  any 
position  of  the  evener,  each  horse  must  exert  the  same  pull  in  order  to  keep  the 


20 


FORCES 


evencr  in  equilibrium.     But  if  the  evener  pin  and  the  whiffletpee  pins  arc 
opposite  edgcft  nf  tlie  evener.  as  in  Fip.  17.  then,  when  the  Ughter  horst; 
pulled  buck  by  the  heavier  horse,  the  tever  ann  r-  of  the  Untc.  Ft  exerted  by  tl 
lighter  hnrsc'  boriiines  less  than  the  lovtT  arm  j\  *>f  tlie  force  f\  exerted  by  tl 
heavier  horse.     Then  llir  sum  rif  the  mf»mont«  of  the  force  acting  upon  tl 
evener  with  rej*ix;ct  to  C  when  iu  ei|uilibri<ini,  is 


whence, 


f',-/^, 


It 


That  is,  in  order  to  keep  thia  evener  in  e<|uiUbrium,  the  horee  nearer 
wagon  must  uxort  a  greater  force  than  the  heading  horse. 

QuKSTtONH 

1.  Draw  a  sketch  of  a  carpenter's  cUw  hammer  in  the  act  of  drai 
a  nail  from  a  buard.     Show  tlie  t.teut«r  of  moments,  the  lever  anu  and  all  the 
foroea  acting  on  the  Itummer. 

2.  Show  by  diagrams  the  forces  and  their  rcrtpective  lever  arms  in  the  fc 
lowing  cufies:  (u)  a  loaded  wlieclburruw  pushed  Ijy  a  man;  (6)  a  nut  onu;k( 
(c)  a  pair  of  shears. 

3.  In  order  to  assist  a  lu>rse  t^)  haul  a  wagun  out  uf  a  rut,  where  would 
te&mster  apply  a  force  most  effectively? 

4.  When  cutting  a  piec^  of  sheet  tnctal  with  the  tinner's  shears,  is  it  eaai 
to  cut  the  Mielal  when  it  is  close  to  the  ]nvo|  nf  the  shears  or  when  it  is  n< 
the  ends  of  the  jaws?     Why?     In  wiiicli  cawe  is  njorc  work  done?     Why? 

6.  A  nmn  supi><)rt:^  a  pi>ie  on  his  shoulder,  holding  one  end  in  his  hai 
and  carrying  a  loud  tittachcirl  to  the  other  end.     A.h  he  slides  the  jx>le  bai 
ward,  decreawing  the  tlistanee  Uetwccn  the  liand  and  shoulder,  iloes  the  foi 
on  the  shoiilder  vary?     I>oe«  the  forc«  of  the  man's  feet  on  the  ground  varyj 
Diugrani  and  e\[}]ain. 

6.  I '  iider  the  action  of  a  horizontal  force  applied  to  the  axle,  a  cart  is  on 
point  of  going  over  an  obstacle.     Make  a  diagmm  *)f  the  furces  acting  on  tj 
cart.     Give  the  moment  of  eiich  relative  to  the  jH)inl  of  contact  of  the 
and  the  obstftole.     Show  why  it  is  ejisier  to  draw  over  rough  ground  a 
having  large  wheels  then  one  having  small  wheels. 


SOLVICD  PnOULKMS 

pRoMLKM. — A  uniform  plank  10  ft.  long  having  a  body  weighing  25  II 
fastened  to  one  end  is  balaneeilata  [x>int  3  ft.  from  the  weighletl  end.  Fii 
the  weight  of  the  planlc. 
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.moN. — Th*?  plank  is  acted  u^wn  by  three  forces,  viz.,  25  lb.  wt.  down- 
wmni  ut  one  end,  the-  woif^ht  \V  of  the  plnnk  duwuwurd  ut  L)k'  uuddle  iHiinti 
%xk\  lite  rcnrtion  A"  of  tbc  supptirt  upward  at  the  {XMnl  3  ft.  from  the  weighted 
eod      Tliesc  forces  are  reprcsciiteil  in  Fig.  IS. 

.Sine*  ihe  plonk  ia  in  eqiiiUhriimi,  the  sum  of  the  moments  of  all  the  ft>rees 
Mtiiofi  upon  it,  about  uny  nxia  noniinl  t^  their  plane,  equals  zero  (Art.  22). 
Sinrr  the  axis  of  moments  may  pa^s  through  any  selected  |»oint,  we  will  choose 
^tfaat  will  nukke  the  moment  of  the  unknown  force  f '  equal  aero.  Such 
tust  be  at  zero  distinct;  from  the  lino  of  action  of  F'.  CV>nscqiicntly 
take  Afi  axis  of  niiiini*nK->  the  line  wliirh  paawcs  through  the  point  of 
rapport  ('  anil  normal  Ui  (liu  plane  of  the  diagram.  Tlierefure,  with  referenoe 
to  Uua  axis,  we  liave 

-25(3>+rt0)-|-ir(2)-0, 

wtkiire  tbv  positive  lUid  negiitive  Higns  are  uae^l  lU'j'iorcUng  to  the  convention 
givm  in  Art.  22. 

S<ilv)iig  the  above  equation  for  M',  we  6nd  the  weight  of  the  beam  to  U- 

H'  =  37.5lb.  wt. 

pHttULKU.  -Find  the  leiwt  horixontjd  force  appliojl  at  tlie  center  of  a  wheel 
1  Tttct^r  in  fliauieier  and  weighing  2o  kg.  uecet48ury  to  drug  it  over  an  olmtacle 


^ 


s/t.' 


s/t 


t^tb.irt. 


W/^yy.y 


^ 


Fig.  18. 


r.Kff 
Pia.  19. 


10  cm.  high.  (The  weight  of  a  wheel  may  be  eon.siderwl  to  act  at  its  centar.) 
SoLUTio.N. — The  forces  acting  on  the  wheel  tit\*.  it.s  weight,  25  kg.,  the 
m  F'  at  the  obstacle,  an<l  the  unknown  hnrizonfal  force  /**,  apphcti  a» 
in  Fig.  19.  When  the  wheel  L«  just  on  the  point  4»f  moving  «)vcr  the 
obeta4*Ie,  tlica**  fon-es  are  in  equiUbrium.  In  this  rm*c,  the  siun  of  the  UKmients 
ol  all  the  forces  acting  on  the  wheel  aVwnt  any  axis  normal  to  their  plane 
fsquals  lero  (Art.  22).  Hy  selecting  as  axis  of  moments  a  line  pawing  through 
•onie  point  in  the  line  of  F\  tho  moment  of  thi.s  unknown  force  is  made  etjual 
to  lem.  Tx*t  the  axis  of  moments  he  the  lim-  which  pn-^wj*  through  thr  point 
c  aod  normal  to  the  plane  of  thf^  dingram. 

Fmm  the  data  given  in  the  pniblera,  oc»=oO  cm.,  hc-iO  cm.,  and  con- 
Mqixntly  od-40  cm.,  fuidca  =  30  cm. 


Consequeatly,  vrhen  just  on  the  poiut  of  rising  over  the  ohstAcle.  the 
of  the  mooicntfi  with  respect  to  an  axis  through  c  of  ull  the  forces  acting  on 
wheel  is 

-2b{en)-\-F'{0)'\-F{cd)  =0, 
or 

25(30) -f  (40), 
whence 

^-18.75  kR.wt. 


§  2.  CompoKiiitm  ami  Resolulitrn  of  Forces 

24<  The  Resultant  of  Two  Concitrrent  Forces. — Forties  are 
to  be  coplanar  when  their  lines  of  action  are  in  the  same  pi 
Forces  are  said  to  Ik*  concurrent  wlien  their  lines  of  action  intei 
Forces  are  siiid  to  he  coUnvur  wlieii  their  lines  of  uelion  are  c<Ml 
eident.  Two  fore(y<  or  systcinn  of  forees  having  identical  effw^ta 
the  motion  of  a  lx>dy  with  n^spect  to  both  translation  and  rol 
tion  are  said  to  be  equivalent.  A  Hinp;le  force  equiAiilent  to  two  or 
more  forces  is  called  the  resultant  of  the  set.  A  single  force  which. 
if  adil(*d  to  a  set  ctf  forces,  will  prmluce  equilibrium,  is  termed  tiie 
etjuilibrant  of  the  system  of  forces.  The  resultant  is  equal  in 
magnitude,  in  the  same  straight  line,  and  opposite  in  direction  to 
the  equilibrant.  The  operation  of  finding  the  resultant  of  a  set 
of  forces  is  termed  coniposiiion  of  forces. 


-*  J- 


Fio.  21. 


Fig.  22. 


When  two  concurrent  forces  act  upon  a  body,  Fig.  20, 
resultant  may  be  found  by  the  following  method.     Lay  off 

from  a  given  point,  .4 ,  Fig.  21,  or  toward  a  given  ix>mt,  .4, 
,\vo  lines  representing   in   magnitutle  and   in  direction   tl 
2^two  lines  construct  a  parallelogram.     T 
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onal  of  this  parallelogram  represents  in  magnitude  and  in  direc- 
tion the  resultant  of  the  two  forces.  If  the  two  lines  representing 
the  given  forces  are  drawn  from  their  poin^jaf  intersection,  then 
the  resultant  is  directed  from  their  point  of  intersection.  Whereas 
if  the  two  lines  are  drawn  toward  their  point  of  intersection,  then 
the  resultant  is  directed  toward  their  point  of  intersection.  The 
basis  of  this  method  is  the  proposition  called  the  Law  of  Parallelo- 
gram of  forces,  which  may  be  stated  as  follows:  //  two  adjacent 
sides  of  a  parallelogram  represent  in  magnitude  and  direction  two 
concurrent  forces,  both  acting  either  toward  or  away  from  their  point 
of  intersection,  then  the  diagonal  of  the  parallelogram  passing  through 
their  intersedion  represents  the  resiUtant  of  the  forces  both  in  magni- 
tude and  in  direction, 

26.  Computatum  of  the  Resultant  of  Two  Concurrent  Forces. — 
Let  AB  and  AC  represent  in  direction  and  in  magnitude  two  forces 

Fi  and  F2  whose  hnes  of  action 
are  inclined  to  one  another  at  an 
angle  <t>.  Then  the  resultant  of 
the  forces  will  be  represented  by 
the  diagonal  ^D  of  the  parallel- 
ogram erected  on  the  lines  AB 
and  AC.  The  magnitude  and  di- 
rection of  the  resultant  R  can  be 
determined  by  the  usual  trigonometric  methods  of  solving  oblique 
triangles.    Thus,  from  the  law  of  cosines. 


Fig.  23. 


B^  =  Fi^'\'F^~2FiF2  cos  ABD===Fi^-{-F^-\-2FiF2  cos  EBD, 


or, 


i22=!=Fi2+F22-h2FiF2Cos  4>, 


(3) 


This  equation  gives  the  magnitude  of  the  resultant  of  two  con- 
current forces  itfterms  of  the  magnitudes  of  the  two  given  forces 
and  the  angle  between  them. 

26.  Resultant  of  Any  Number  of  Concurrent  Forces. — Let 
Fi,  Fa,  F9,  etc.,  be  any  number  of  concurrent  forces.  Let  the 
resultant  of  Fi  and  F2  be  iZi.  Ri  can  now  be  compounded  with 
Fz,  giving  a  resultant  R2>    Manifestly  £2  is  the  t^nII&xA.  c>l  ¥\, 
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F2t  and  F^.  Proreeding  in  likp  nmniicr  with  ihr  other  ffuros,  tl 
resultant  of  the  whole  system  can  Itc  obtained.  The  followi] 
two  paraiEcraphs  sJiow  how  this  method  can  tx?  (^oiLsidcnibly  abbi 
viated. 

27.  The  Triangle  of  Forces. — From  tlie  law  of  the  parallel 
gram  of  forceH,  the  resullant  of  two  forces  F]  and  F2  applied  at 
point  .-1  (F'iK-  24),  is  piven  by  the  diagonal  AD  of  t!ie  panilleU 
gram  constructed  on  these  tAvo  sides.     In  the  Spiire,  since  tl 
line  Bl)  is  in  the  same  direction  and  has  the  same  h'li^th  as  t] 
line  AC,  the  forces  F\,  F2,  and  k  are  represented  in  ma^nitu^ 
and   direction   by  the   sides  of  the    triangle    ABD.     Whence^ 


Fio.  2.5. 


Fig.  28. 


the  lines  A*  B'  and  B*  D'  (Fig.  25)  are  drawn  in  the  directions 
the  concurrent  forces  F\  and  F2  and  of  lengths  pj*o[x>r(ionaI  t< 
their  respective  magnitudes,  then  the  line  A'D^  dosiii^^  the  iriae^lc 
will  represent  in  magnitude  and  direction  the  resultant  of  the  tw^| 
forces.  ^^ 

Since  the  equilibrant  of  a  system  of  forces  is  equal  iit  magnitude 
and  is  in  the  opposite  direction  to  the  resultant,  the  forces  F\,  F2, 
and  their  equilibrant  E,  would  lie  represented  a-s  in  Fig.  26.  Con- 
sequently, )/  three  concurrent  forces  are  represented  in  magnitude 
and  direction  by  the  three  sides  of  a  tn'artgle  described  i«  succesttii 
the  forces  are  in  eqxiilibriiim.  Tliis  proposition  is  called  the  Trii 
of  Forces. 

28.  The  Polygon  of  Forces. — By  an  extension  of  the  method 
u.s(^d  in  tiie  preceding  paragrapti  it  can  l>e  sliown  Ihat  if  any  nui 
bar  of  concurrent  forcej(  are  represented  in  direction  and  in  mi 
nitudc  by  lines  forming  side-s  of  a  continuously  descrribed  [>oly 


mnuae 
iandH 
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me  drawn  from  the  starting  point  to  close  the  polygon  rcpre- 

smis  the  resultant  in  nuiguitude  and  direction.     Consequently, 

if  a  number  of  caticurrenl  forces  be  represented  in  direction  arid 

lituHe  by  the  sideji  of  a  dosed  polygan  taken  in  order,  the.  forces 

in  equilibrium,     Tlus   projxxsltion   is   called   the  Polygon  of 


j^  HauUge  by  Horses. — Let  a  body.  Fig.  27*  be  in  equilibrium  under  the 
weiglit  Vr,  the  reuct ion  F',  und  the  force  F.  With  reference  to  au 
r  perpcndirular  to  the  piano   of  the 

the    5um  of  the   luoioeuts   of   all    the  i»    ^_r_ 

acting  upiin  the  iMxly  is 


>"0+M''(ca)-i>'(c6)=0. 

Whence,  the  ma^piitude  of  the  force  F  neceasary  to 
hold  the  body  in  equilibrium  is 


F' 


F  =  W 


T\Q.  27. 


In  walking,  a  nian  or  a  horse  start-s  to  fall,  rotnting  about  the  rear  foot  as 
ati  axis,  intcrwpls  the  fall  by  rneaiid  uf  miother  foot,  advances  tljt»  foot  formerly 
uaod  BS  the  axis  of  rotalion,  8turts  tu  f:dl  by  mtatiiiK  about  the  other  foot,  as 
an  aadd,  and  so  on.  A  cart  or  other  body  attached  to  the  man  or  honte  is 
acted  upon  by  a  force  ct)Ual  and  opposite  to  /^  in  the  above  eqiwtion. 

In  the  ca«?  of  u  hurst*  and  cart,  we  will  now  coriHidcr  the  efToct  on  the 
diroction  of  the  line  of  dmft  iirKlucc<l  by  cIihiikus  in  the  diMtnbution  of  the 
kmd  in  the  i^art  aJt<l  variations  in  thn  f;riid<'  of  thi-  road. 

With  ihrt  load  to  the  rear  of  the  cart  axle,  there  will  be  (u»  upward  thriist 
at  the  Ix-iiylraud  reprcaonted  by  X'j.  Fig.  liS  I)ui?  to  the  grado  and  Ww  fric- 
tion thrre  will  act  u|hjn  the  horse  in  tlic  dirwlion  uf  the  rrutiea  u  force  xz. 
nsuitaut  of  the«e  two  forces  L**  H.  The  jnomeij^  of  the  reeiiltAnt  with 
to  an  axis  through  the  point  of  poiitnrt  of  the  rear  foot  and  the  ground 
'^Hidi).  At  the  inntant  when  the  other  thniio  feet  an;  olT  the  jtmund,  this 
moment  '»  ooonterbalanced  by  the  moment  nf  the  wcigJit  of  the  horse,  w{ai). 
Thus. 


«r 


ca 


The  rivultant  R  due  to  the  load  and  the  grade  is  in  such  a  direction  as  to 
prndttoe  a  tendency  to  lift  the  rear  foot  off  the  ground,  thereby  causing  slipping. 
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The  actual  direction  of  the  thrust  on  the  rear  foot  is  obtained  by  compounding 
H  and  the  effective  weight  on  the  foot. 

With  the  load  forward  of  the  cart  axle,  there  will  be  a  downward  thrust 
xy\  Fig.  29.    The  resultant  of  this  force  and  the  force  xz  due  to  the  friction 


Fig.  28. 


Pio.  29. 


and  grade  is  R'.    The  moment   of  this   resultant  with   respect  to  an  axis 
through  c  is  — /i'(c6').    This  moment  is  counterbalanced  by  wioa). 


H'=w 


ea 


The  direction  of  R'  is  such  as  to  cause  the  rear  foot  to  dig  into  the  ground 
and  not  slip. 

The  total  work  done  by  a  horse  hauling  a  load  is  made  up  of  two  parts. 
The  useful  work  equals  the  product  of  the  distance  traveled  and  the  oom- 
poncnt  parallel  to  the  roadbed  of  the  resultant  force  dtie  to  the  load.  Hie 
useless  work  equals  that  required  to  overcome  friction,  together  with  that 
required  tu  lift  the  horse  at  each  step.  The  latter  equals  the  product  of  the 
efTcctive  weight  of  the  horse,  the  vertical  distance  the  horse  lifts  himedf 
at  each  st4^[>  and  the  number  of  Htcym.  With  the  load  in  the  rear  of  the  cart 
the  effective  weight  of  the  horse  and  the  useless  work  are  diminuhed.  On 
hard  level  roads  where  there  is  little  tendency  to  slip  this  is  an  advmntage. 
Dut  in  going  up  hill  over  obstacles,  the  tendency  of  the  rear  foot  to  slip  more 
than  (H>unt«rba1anccs  the  advantage  of  diminished  useless  work.  In  l>»»ilwig 
up  hill  a  cart  loadtxl  in  the  rear,  the  horse  will  be  actually  helped  by  an  eoctca 
load  on  his  back — a  rider  for  example. 

30,  The  Force  Couple. — A  system  composed  of  two  equal, 
parallel,  and  oppositely  directed  forces  having  different  lines  of 
action  is  termed  a  farce  couple.  A  couple  tends  to  pvoduoe  a 
change  in  the  angular  motion  of  the  body  to  which  it  is  uppBedf 
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About  an  axis  nonnal  to  the  plane  of  the  forces  constituting  the 

couple. 

Consider  a  body  (Fig,  30)  acted  upon  by  a  (rouple  consisting 
of  twn  forces  Fi  and  Fa  wliose  Unes  of  action  arc  separated  by  a 
distance  AB,     It  is  required  to  find  the 
moment   of   the  couple,  that  is,  the  im- 
portance of  the  effect  of  the  couple  on  r, 
the  rotation  of  the  body.    The  moment 
of  a  force  couple  about  an  axis  normal 
to  the  plane  of  the  fonres  and  patssing 
through  any  point  C  equals  the  sum  of 
the  moments   of  the  two  forces  Fi  and 
F2  aJKiut  the  axis.     That  is,  the  moment 
of  a  couple  about  this  axis  is, 

^  Fi(AC)'F2(BC), 

And  since  F\~F2t  and  AC=AB+BCf  the  moment  of  the 
couple  about  the  assigned  axis  is 

FxiAB)-\-FABC)-F^(BC)  =  Fi(AB), 

Consequently,  the  momerit  of  a  force  couple  equals  the  product 
of  one  of  the  forceft  arui  (he  perpenHicidar  distance  betivcen  (he  lines 
of  adijyn  of  the  two  forces  constituting  the  couple^  and  is  independent 
of  the  pmntian  of  the  axis  of  rotation. 

A  couple  tJiat  tends  to  produce  rotation  in  the  clockwise  direc- 
tion is  said  to  Im»  pomtive,  while  uuv  thiii  tt^uds  (o  produce  n)taiion 
\i\  the  w>unterclockwLs<*  dirfHtion  is  said  to  hv.  neRutivo. 

A  couple  can  be  held  in  «iuiiil)rium  only  by  the  application  of 
another  couple  having  an  equal  itiomcnt  of  the  opposite  sipii.  An 
unbalanced  force  produces  a  cluiiige  iti  the  linear  inoliou  of  the 
body  acted  upon;  an  unbalanced  couple  produces  a  change  in  the 
angular  motion  of  the  bo<ly  acted  uiKfti,  The  turning  of  a  screw 
with  s  srn^w  driver,  and  the  turning  of  a  liolt  nut  with  a  wrench, 
are  examples  of  the  action  of  force  coupli's. 

31.  The  Centroid  of  a  System  of  Parallel  Forces. — Jx^t  A  and 
B  (fig.  31)  be  the  fixed  points  of  application  of  the  forces  F\  and 
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F2,  and  let  P  be  the  point  of  intersection  of  the  line  AB  by  tl 
line  of  art  ion  of  i\w.  n^sitltatit..  Su  lonj^  lus  thr  two  pveii  fon 
remain  parallrl  and  continue  to  act  in  lines  passing  through  A  ai 
B,  then,  however  the  body  is  displact^d  or  hijwfvrr  the  (iirec'ti( 

of  the  forces  may  be  chang< 
the  line  of  action  of  the  resuli 
ant  will  continue  to  pass  tlirou| 
the    HJitne    pH>in  t     P.      Coi 
quently.   the  point  P  is  a  d< 
nite  point   fixed    in   the   IkkIj 
This  [K)int  has  so  many  int 
Fio.  31.  eating    projierlies    that    it 

been  given  a  name.    The  ix)ii 
of  application  of  the  resultant  of  a  syHtem   of   parallel    forces 
called  the  a^ntroidj  or  the  cent  or  of  the  system. 

32.  The  Center  of  Gravity  of  a  Body.— ''If  th<*  ai-tion  of  tni 
trial  or  other  gravity  on  a  rigid  btnly  is  retlucible  to  a  single  foi 
in  a  line  passing  always  through  one  point  fixtnl  relatively  t«  tJ 
Ixxiy,   whatever  be   its   position   relative  to  the  earth   or  oth< 
attracting  mass,  that  point  is  called  itfi  center  of  gravity.'** 
only  bodies  which  have  true  centers  of  gravity  are  uniform  8ph< 
ical  shells,  uniform  spheres,  and  sphert^s  whose  density  chan| 
from  the  cent^iT  to  the  circumfereuco  according  to  somn  definii 
law.     In  other  cases  the  line  of  action  of  the  weight  of  the 
does  not  pass  through  the  same  poijit  when  the  position  of  the 
is  changed. 

Although  when  a  brxly  is  acteci  upon  by  a  system  of  rw 
imrallcl  f^^rces  there  will  be  no  invariable  point  of  apfilication 
the  i-esulljuit  as  the  tM)sition  of  the  body  is  changed,  the  defwrtu 
from  parallelism  of  the  gravitational  forces  aeting  on  the  dilTerei 
parts  of  a  t)ody  is  so  small  that  it  is  customary,  especialK'  in  enj 
neering  prol)lenLs,  to  assume  that  there  is  a  de6nite  point  fixed 
the  body  at  which  the  weight  of  the  body  Ls  applied.  Tlius,  it 
assumed  that  every  l>ody  hius  a  center  of  gravity  coincitl<*nt 
that  i>oint  at  which  the  resultant  of  the  gravitational  ftJi-ces  actil 
on  the  body  would  l>e  applied  if  they  were  parallel.  Cust 
•Thompson  and  Tail,  "Natural  Philosophy,"  11,  p.  78. 


RKSOLUTION  OK  FOFlCEvS 

[laving  panctioned  tliis  loose  uho  of  the  term,  it  will  occaaionally 
lx»  employed  m  tl»e  sii<*cepding,pu(r«^. 

If  it  \te  a^uiiifil  tliat  the  ^lavitatioiia)  forces  acting  on  all  parts 
of  a  body  act  in  parallel  lines,  it  ran  be  shown  that  the  point  of 
application  of  the  weight  of  uniform  spheres,  cylinders,  and 
prisms  is  at  their  geometrical  centers. 

QuBsmoNs 

telephone  p<)l<"  lino  (iirnH  a  90°  corner.  By  nM'JinK  of  a  diofn^m 
indicate  the  methtxl  of  detenniiung  the  tUreclion  of  tiie  j^uy  wiro  that  shuuld 
be  fttloclioil  lo  iUn  uonier  jkiIo  to  |>rfv«?n(-  tn'riditig. 

%.  A  br<y  in  a  swing  inclined  t<»  the  v<!rti<'ul  v  aotoO  ui>on  by  hi.i  wcif^t 
und  by  the  tenaioQ  of  the  rope.  Indicate  the  method  of  finding  the  resultant 
force. 

5.  A  picture  in  hung  by  mrana  of  a  vnrci  aLtiichcd*to  the  frame  on  oppoait« 
sides,  u)d  r>a»unK  over  a  hu(}k.  What  edoct  will  nn  incrciuH*  ur  a  (Iccruiwe  in 
!li^  IfnfClli  of  tlip  wire  !mv*?  upon  the  tension  in  the  wire?  ICxpluin  with  flia- 
gmmft.  U  m  ttouht  ns  to  the  ability  of  tho  wire  to  Hustain  the  weight  of  the 
pirturp,  will  it  \*f  sufrr  to  iwp  n  lonR  or  short  wire?     Exjilahi. 

4.  8upi>tiM'  that  t.tio  ends  of  the  traces  attafhed  to  the  horsu  am  fiirilu'r 
from  thn  ground  ihun  the  ends  utincliwl  to  the  WH|J!on.  Show  under  wliut 
t-onditioRM  the  wagon  will  Iw  drawn  with  greater  ea«e  when,  (a)  the  trafcs  arc 
long;  {t*),  the  Iracite  un*  Hhort..  If  tlu*  tranv  wert'  pumllcl  to  the  ground, 
would  tlurr  he  any  ciioit^e  bctweeti  a  "  long  liitch  "  and  a  "  Hhnrt  hit4*Ji  "? 

6.  What  an'  the  fori-**  that  constitute  the  couple  in  each  of  thf  following 
vmrnem?  (o)  the  of>iii*le  that  arts  on  one  of  the  wheelH  of  a  clo<'k;  (h)  the 
noupU*  that  [)rpvrntA  a  pieture  from  rotating  fonvard  about  the  line  where 
it  touchen  the  wul);  (f)  the  <tiup)<^  that  arts  nn  a  rotating  lawn  sprinkler; 
<d)  the  couple  that  acts  ou  u  door  while  l>eing  eluded. 

S3.  Components  of  a  Force. — Two  forces  which,  acting  lo- 
gellkCT,  are  4*<jtnvalenl  to  a  single  force  are  called  the  componentA 
of  the  given  force.  The  operation  of  finding  two  components  of  a 
given  fori*  'w  called  nt^olulion  of  the  force. 

Binoe  a  straight  line  can  he  the  diagonal  of  an  indefinite  number 
of  p»ndleh>]trramjs,  it.  foIlow.s  that  any  force  can  Ix.*  the  resultant  of 
an  indefinite  nundx^r  of  jmirs  of  coniponent,s.  For  instances  iii 
Kig.  32,  k  is  llie  resultant  of  Fu  and  Fo;  in  Fig.  35,  R  Ls  the  resuU- 
ant  of  two  different  components  F^  and  F^;  while  in  Fig.  34.  h 
m  rottolviHi  into  still  another  pair  of  comiKjnente,  Ft^  and  F^i. 
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If,  however,  the  directions  of  the  two  components  be  assigned, 
then  there  is  but  one  pair  of  forces  equivalent  to  the  given  fbrce. 
The  most  useful  resolution  is  into  components  at  right  angles  to 
one  another.  In  this  case,  the  required  components  are  called 
the  rectangular  components  of  the  given  force. 


-f^ 


Fia.  32. 


FiQ.  33. 


Fig.  34. 


34.  Rectangular  Components  of  a  Force.— To  fix  the  ideas,  let 

it  be  required  to  find  the  vertical  and  horizontal  components  erf 
a  force  represented  in  direction  and  magnitude  by  the  line  AD 
(Fig.  32).  With  this  line  as  a  diagonal,  construct  a  parallelograni 
having  its  opposite  sides  respectively  vertical  and  horizontal. 
From  the  law  of  the  parallelogram  of  forces,  it  follows  that  if  the 
lines  A  B  and  AC  represent  in  direction  and  in  magnitude  two  forces 
Fi  and  F2,  then  the  diagonal  AD  represents  the  direction  and 
magnitude  of  their  resultant.  Conversely,  AB  and  AC  represent 
the  two  components  of  R  in  the  required  directions. 

Let  the  angle  between  R  and  F2  be  called  0.  Then  the  vertical 
component  of  R  is 

Fi=i2sin<^, 

and  the  horizontal  component  of  R  i& 

F2  =  R  cos  0. 

As  forces  are  seldom  resolved  in  any  directions  except  those 
perpendicular  to  one  another,  the  terms  "component  of  the  force" 
and  "  n*solve<l  part  of  the  force  "  are  commonly  used  to  denote 
the  rectangular  component  of  the  force  in  the  assigned  direction. 

Solved  Probleu 

Problem. — In  a  certain  nteam  engine  the  piston  rod  exerts  a  thnat  of 
22,500  lb.  wt.    Find  the  thrust  on  the  guides  when  the  connecting  rod 
an  angle  of  !&"  with  the  line  of  action  of  the  piston  rod. 


Fio.  35. 


SoLxmns. — At  th*»  junotion  of  the  piston  nxi  and  the  ronncctinfl  rod, 

At  ihnut  alodg  the  pi£it<.>ri  n>d  is  rvst*[vv<\  into  two  L>ompt)nenta — odc  whi(;li 

nakm  xn  oni^e  of  IS''  ^vith  the  put^^n  rtnl  and  Hnother  whinh  nuikes  an  angle 

of  90*  with  th<*  piston  rod.    ThiLs  the  prc-sent 

prebieni     n«i>lvfs     itsHf     into     hiidinR    the 

Dttfiuttide   of  two   inrccgi  having  thoJr  linr^ 

of    action   in    the    din-ctiona    AB   and    AC 

(Fig.  35),  at»d  which  Imve  as  their  restiltant 

a  (ofoe  iu  tlie  direction  AD  equal  to  2*2,500 
lb.  wt. 

Pram  D  draw  lines  parallel  to  AB  and  AC, 
rvpeethrdy.  In  the  iiarulletoKruin  AbDc  thin 
Connfti,    tbe    diagonal    AlJ    rifpresentn     the 

RBuhjuit  of  two  forncK  which  are  repn.'sented  by  Ab  and  -4c.     Therefor^  the 
Unt  Ae  rapraeents  the  re<iuired  thrust  against  the  guides  when  thr  conniH'ting 
rod  amktB  an  angle  of  15°  with  the  line  of  action  of  the  piston  rod. 
fVom  thediagraoi, 

,4rf  Un  15"  =  (22500)(0.267y)  lb.  wt. 
« 6027.75  lb.  wl. 

W.  The  Sailboat. — Consider  tliu  case  of  a  sailboat  suiling  into  the  wind. 
CA  be  the  force  of  the  wind  on  the  sail.     Ono  port  of  thin  force,  thai  is, 

the  cijmponent  BA  parallel  to  the  Rail. 
is  ineffective  in  moving  the  boat. 
The  component  CB  of  the  force  CA, 
acting  nonnal  to  the  sail,  produces  a 
pressure  on  the  sail.  Resolve  CB 
into  comi>onenl«  parallel  and  per- 
pendinuliir  to  tlie  keel  of  the  boat. 
The  component  DB  is  the  only  part 
of  the  force  of  the  wind  acting  in 
direction  of  the  keel  of  the  boat;  tliat  is,  it  is  the  only  part  of  the 
foroc  of  the  wind  effortive  in  propelling  the  boat  forward.  The  coniiX)nent 
CO  tends  to  tiwplace  the  boat  aideways.  Tliis  tendetiey  is  partly  prevented 
by  the  pressure  of  the  water  against  the  keel  and  side  of  the  Ixnit.  This 
acta  at  some  point  0,  and  the  boat  ia  so  dcHigncd  that  the  renter  of 
of  the  wind  is  slightly  aft  (tKym  O.  The  wind  and  water  together, 
tend  Ut  turn  the  boat  tw>  that  it  heads  more  nearly  into  the  wind.  This 
tis&dency  is  o\'ercoiue  by  the  rudder. 

The  force  acting  on  the  rudder  will  be  represented  by  EK.     Of  this  force 
(«ompoticnt  GK  parallel  to  the  rudder  exerta  no  action  on  the  mdder.     The 
eomponeut   BO  produces  a  pressure  on  the  rudder.     'ITits  pressure 
may  be  resolved  into  two  oomimnents  //f?  and  EH,  jmrallel  and  fjerpendieu- 
Lar  mpectivcly  to  tbe  keel  of  the  boat.    The  component  HO  acta  as  a  nsiflt- 
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ance  to  the  boat's  motion.  The  component  EB  tends  to  push  around  the  stern 
of  the  boat.  When  CD  is  the  equilibrant  of  EH  and  the  pressure  of  the  water 
at  0,  the  boat  will  not  turn.  When,  in  addition,  HG  =  DB,  the  boat  is  in 
equilibrium  and  moves  with  unifonn  velocity. 

36.  The  Kite.— The  kite  represented  edgewise  by  AB,  Fig.  37,  is  acted 
upon  by  the  weight  W  and  the  force  F  due  to  the  wind.    Of  the  force  F, 

however,  the  component  parallel  to  the 
plane  of  the  kite  produces  no  effect.  The 
wind  pressure  on  the  kite  surface  is  due 
to  the  component  F'  perpendicular  to  the 
plane  of  the  kite.  The  resultant  of  the 
weight  of  the  kite  and  the  part  of  the  force 
of  the  wind  that  produces  pressure  on  the 
kite  surface  is  obtainccl  by  compounding  W 
and  F'.  To  equilibrate  this  resultant  R^ 
the  string  must  act  with  equal  force  in  the 
opposite  direction. 


Fio.  37. 


1.  In  what  sense  is  it  easier  to  loa<l  a  barrel  into  a  wagon  by  rolling  it  up  a 
plank  than  by  lifting  it  vertically  fn>m  the  ground  to  the  wagon?  What  is  the 
amount  of  work  done  in  the  two  cases?     Explain  fully. 

2*  Assume  a  sailboat  going  e-ast.  Ijct  the  sail  be  set  at  some  small  angle 
with  the  TUcvX  and  let  the  wind  ntrike  the  sail  in  a  direction  other  than  at  right 
nnghw.  Show  clearly  with  lin<H  and  arrows  the  double  resolution  nccessaiy 
to  find  the  effective  cast<^rly  component  of  the  wind's  for<«.  Show  the  posi- 
tion of  the  nidder,  and  resolve  the  force  of  water  against  it  into  proper  com- 
I)onent.«.     Show  the  effect  of  each  of  those. 

3.  It  is  desired  to  sail  a  ship  from  .1  to  B,  against  a  wind  in  the  direction 
of  BA .     Explain  how  it  w  possible  to  do  this. 

4.  Hy  <i»mpoaition  and  resolution  of  forces,  {a)  show  how  a  kite  is  supported 
in  the  air  by  a  lioriznutal  wind;  (/>)  show  how  an  aeroplane  is  pushed  through 
the  air  by  the  action  of  a  propeller;  (c)  show  tlrnt  if  the  plane  sltuits  upward 
there  will  loc  a  tendency  for  the  aeroplane  to  rise. 


§  3.     ConMioii^  of  Equilibrium 

37.  Equilibrium  of  a  System  of  Coplanar  Forces. — A  body  is 

in  eciuilihriuiii  when  its  motion  do<>s  not  change.  In  order  that  its 
linear  motion  may  not  change,  the  resultant  force  acting  on  the 
body  must  equal  zen>.  In  onlcr  tlmt  its  angular  motion  may  not 
change,  the  resultant  torque  about  any  chosen  axil  must  equal 
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nro.  If  all  the  forces  arc  In  one  plane,  the  first  requirement  is 
Mliribd  if  the  ^uin  of  the  conip^tncnt^  of  all  the  forces  is  ssoro  for 
each  of  any  two  vlirectious  of  resolution.  Therefore,  ij  a  body  t« 
in  equilibrium  wider  the  action  of  a  system  of  ctriAnnar  forces, 

(a) ,  l}ic  sum  of  the  compont-fUa  of  the  forces  is  zero  for  each  of  any 
two  direttions  of  resolution; 

{b),  the.  sum  of  the  moments  of  the  forces  aixnti  any  axis  normal 
to  iheir  plane  equals  zero. 

The  conditions  of  equilibrium  of  a  system  of  coplanar  forces 
can  be  expressed  in  the  fonn  of  three  equations.  Two  of  these 
equations  are  obttiined  by  resolving  all  the  forces  in  any  two  con- 
venient directions,  and  equating  separately  the  sum  of  the  com- 
ponents in  each  direction  to  zero.  It  is  usually  most  convenient 
to  make  the  rr«olutions  in  dirtn^tions  perfJcuKlirular  to  one  another. 
The  third  equation  Is  obtained  by  taking  (he  nunaentjs  of  all  the 
forces  about  an  axis  which  is  normal  to  their  plane,  and  which 
pafises  through  any  convenient  point,  and  equating  the  sum  to 
aero.  For  example,  if  vertical  and  horizontal  components  of  all 
the  forces  be  found,  and  moments  of  all  the  forces  be  taken  with 
reepert  to  an  axis  through  any  chosen  point  "  r,"  the  conditions 
of  equilibriuiu  may  be  expressed  by  symbols  in  the  abbreviated 
form, 

2/,  =0 


2;Lc=o 


(4) 


when  2//«  represents  the  sum  of  the  moments,  with  respect  to  an 
axis  through  c,  of  all  the  forces  acting  upon  the  body. 

In  order  to  avoid,  as  much  as  possible,  unkiutwn  forces  appear- 
ing in  the  equation,  it  Is  advisable  to  make  one  of  the  resolutions 
perp«*ndiciilar  to  an  unknown  force,  and  to  take  inoirientH  alxjut 
an  axis  jxissing  through  a  point  in  its  line  of  action.  The  value 
of  these  suggestions  will  appear  in  the  solution  of  the  following 
problems. 

38.  Stability  of  Equilibrium.— If  a  body  is  at  rest  with  re^spect 
to  ftay  tfdccU'd  poiut  of  reference,  it  is  said  to  be  in  static  equiHb- 
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rium.  A  brick  in  a  chimney  is  in  static  equilibrium  with  refe 
ence  to  the  earth.  A  lump  of  luortar  adhering  to  a  falling  brie 
is  in  static  equilibrium  with  reference  to  every  point  of  the  brie 
but  is  not  in  tHjuililtriuiu  with  Tcfeivnee  to  any  ]X)int  of  the  eait 
A  body  moving  with  evthcr  constant  linear  or  constant  aiigul 
motion  is  said  to  be  in  kinetic  equilibrium. 

Depending  upon  the  Iw^havinr  of  a  body  in  equilibrium  after 
it  has  suffered  a  slight  rotation,  three  classes  of  the  Plate  of  <^quilib- 
rium  are  distinguLshed.  If  after  suffering  a  slight  rotation  t 
body  recovers  its  former  position,  the  equilibrium  of  the  bod> 
said  to  l>c  stobk.  if,  however,  aft^r  receiving  a  slight  angu 
displacement,  the  body  departs  further  and  further  from  its  former 
position,  the  equilibrium  is  termed  unstnhic.  If,  after  suffering  a 
slight  angular  displacement,  there  is  no  tendency  of  the  Iw^dy 
either  to  recover  its  former  condition  or  to  depart  further  from  it, 
the  body  is  saifl  to  be  in  neutral  or  indifferent  equilibrium.  The 
degree  of  stability  of  a  bofly  is  measured  by  the  auunmt  of  work 
necessary  to  effect  a  permanent  change  in  the  position  or  condition 
of  the  body.  J 


1^1 


A  riKht  cone  resting  with  it.s  base  on  a  horizont^il  tabic  ia  in  stable  static 
eqiiilibriuiu;  so,  also,  ore  a  suspended  plunib-bot>  aud  a  body  Huspcadcd  by 
vertical  Rfural  spnng.     .\n  ^m  balanced  on  an  end,  or  a  lead  pencil  ou  i1 
jKiint,  are  rxamples  of  unftablo  static  exiuilibrium.     A  right  rone  lying  on  i 
aide  on  u  snuKjth  horizontal  table,  or  a  WiKMlnn  aphprp  floating  in  a  basin 
wnter,  or  a  wlic*-!  i>n  a  «inoolh  axle,  are  fxaini)]rs  of  neutrul  sialic  equilibrium. 

A  bout,  l>eing  poled  up  a  stream  will  be  in  ytable  eqtiili]>riuin  while  the  nion 
is  in  thr  bow,  hut  will  bp  in  unstable  equilibrium  if  he  jKtles  from  the  si 
In  order  ihiit  a  flying  skyrocket  shall  not  wobble,  the  )>oint  of  ajiplicntii 
the  force  aetin^  ujwn  it — ^tliai  is,  the  orifjL-e  from  which  the  ga^c^s  escu 
must  be  far  fon**ard.     This  is  accomplished  by  having  a  long  stick  attac 
to  the  body  of  the  rocket  and  ext^ndinK  backward  from  the  fuse  bole. 
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SOLVEl*    I'noBLEMS 

PitouuKM. — The  u])])er  ends  of  two  beams  of  equal  length  /  and  weight 
are  pinned  together  and  the  lower  ends  rest  on  the  tups  of  two  walls  of  eq 
heignt.     There  is  a  loud  11'  at  the  pin  i-onnecting  the  two  l^eams.     Find 
thrust  temling  In  ovi'rturr*  each  wall  and  tho  vertical  force  on  top  of  each 
\\atl. 


thl^ 
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In  problems  on  a  body  in  equilibrium,  it  is  trss(^ntinl  tlial  all  of  the  forces 
ftrting  upon  the  body  aholl  be  rupn^i'utiH),  and  no  utiiers.  In  ihc  prascnt  pn>b- 
lem,  e»cb  beam  is  Hctod  ui>on  by  five  forces  as 
fuUow?:  the  load  IK/2  acting  verti«Uly  do\*'n- 
ward  at  the  upi«'r  cutl;  the  hohzoutal  thrust  F, 
FiR.  3U,  due  lo  ih*»  other  beam;  the  weight  w 
acting  at  tlie  middle  ix>iut;  Uic  vertit.'ul  and 
honxoiilal  n-actions  F,  and  Fn  due  to  the  wnl 

fiinrc  the  l>eam  ia  in  equilibriuui,  the  huih 
of  the  ninifKineiita  of  the  forces  is  zero  for  any 
two  directioua  of  resolution.     Thua, 

HohKintal  coraponenU  F-F/,=0;      .     .     (5) 

Venirul  romponeDtfi  A*,  — JH"'— w-=0,  (6) 

tiic  aum  of  the  moments  of  the  forcea  about  any  axim  normal  to  their 
fiqu&lfi  BOru.     Thus,  taking  muinonts  alxjut  an  axiti  thn)UKh  C, 

-llTi  ooA  0-^Fl  sin  e-wiil  eos  ff)+/'^40+F||0-0, 

F  =  k{W-^w)  cotfl C7) 


From  (5)  and  (7),  the  liorizontAl  foroe  which  must  be  exerted  at  the  low< 
end«  of  the  beams  in  order  to  ke<^p  iUv  l>eani.s  from  spreading,  and  cnnse(|UeQl 
the  horizontal  thrust  tending  to  overturn  each  wall,  has  the  value 


F^  =  F]  =  U^+w)(^i0 (8l 


From  (6)»  the  vertical  reaction  at  the  lower  end  o£  each  beam,  and 
sequently  the  downward  force  on  top  of  each  wall,  has  the  value 


\W+w 


Note. — The  relation   e^cpresscd   in    (8)   shows  why  semicircular  stone 
arches  recjuire  mon:  initKsive  abutmeiiUs  than  pointed  arches  of  the  same  s| 

PiioBLEM,— A  derrick  liiis  a  Ixkuh  20  ft.  longt  weighing  XiH)  Ibs.^  with 
end  hinged  to  a  vertical  most  20  ft.  from  tlic  top.     A  rope  extends  from  the 


tone     I 

on^^ 


Fig.  40. 


other  end  of  the  boom  to  llie  Lop  of  the  mast.    The  "  center  of  gravity  " 
boom  ia  8  ft.  from  (.lie  U)WiT  end.     Wlifri  the  btxjrii  makes  an  angle  of  fiO" 
with  the  mimt,  and  aupijorts  at  it,-*  end  a  load  of  12<*0  lb.  wl.,  find  the 
in  the  ropo,  and  the  vertical  and  horizonlul  Llirust^  on  Iho  pin  of  the 
connecting  the  boom  to  the  mast. 
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Solution. — Since  the  boom  is  in  equilibrium  under  the  action  of  the 
forces  represented  in  Fig.  41,  we  h&ye 


(9) 
(10) 


Horizontal  components,  A**— ft  sin  60°  «0, 

Vertical  componente,      F,~lSO -1200+ Ft  cos  60°=0. 
MomentA  about  an  axis  through  C, 

-1200  {CA)-^F,{CD)-150  {CB)-\-F^+F^=0 

-1200  (CL  sin  W)-\-Ft{CL  sin  60")-150  {CM)  sin  60''=0 

-1200  (20) +F,(20)- 150(8) -0. 

/?(  =  1260lb.  wt. 
.Substituting  this  value  of  Ft  in  (0) 

Fk[-=  Ft  sin  60*1  =  1260X0.860  =  1091  lb.  wf.. 
.Sub:«tityting  the  value  of  Ft  in  (10) 

/■',[  =  150  +  1200-/^,  cos  60''l  =  135()-l-2(i(»(0  r))  =  720  lb.  wt. 


1(  desirwi,  the  magnitude  and  direction  of  the  force  acting  on  the  lower 
end  of  the  boom  can  be  obtained  by  finding  the  rt«ultant  of  Ft,  and  F^. 


Questions 

1.  Which  of  the  following  bodies  are  in  equilibrium?  For  those  which  are 
in  e<]uilibnum,  the  equilibrium  is  of  which  of  the  three  types?  (a)  the  bob 
of  the  pendulum  at  the  middle  of  its  path;  (/>)  a  broom  balanced  vertically 
on  your  finger;  (c)  an  egg  lyirtg  on  its  side;  (rf)  the  hour  band  of  a  watch. 
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2.  Three   eqiial    forces   act   Riraultflnpoualy    upon   a   body.     Repi 
(z;niphi«iUy  tlirw  forces  st)  choson  thwt  tlic  hody  in  m  ctjuilibrium.     lCxf>h 
Iniaginf?  two  of  these  forties  to  be  lioublcHl.     How  nmsl  the  third  he  chani 
in   order   to   i)n:rm'rve   cquilibnum?     yhow   graphiraliy    aud   explain.     Sh 
how  three  forces,  not  meeting  in  a  point,  and  not  all  equal,  may  maintaiD 
body  in  equilibrium. 

3.  Why  d*)OS  a  balance  beam  return  to  a  horiwintal  position  when 
plarod  th<'ivfn>m?     How  could  the  beam  be  mode  to  anrre  as  an  illustrat 
of  («)  Htubk',  (b)  neutral,  (c)  unstuble  ixpulibriuin? 

4.  iShow  clearly  why  a  latMrr  learning  against  a  smooth  wall  is  more  liki 
to  slip  when  a  man  is  near  the  top  then  whati  he  is  near  the  bottom. 

5.  A  painttr'H  liuliJrr  u^in  with  one  end  against  a  smooth  vcrtica.1  wi 
and  the  othor  on  the  top  of  a  trestle.     Make  a  diagram  of  the  force's  aetii 
and  state  (he  eondilion  limiting  the  distance  the  man  can  go  up  the  ladder 
witliout  ovur1.urniug  the  tresUo. 
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39.  Force  at  a  Smooth  Surface. — A  surface  which  offers  no 
roflaataiiee  to  the  slidiug  of  a  hr)dy  along  it  is  said  to  be  smooth. 
Smooth  surfaces  arc  ideal,  but  some  Hurfaecs  arc  8o  nearly  smooth 
that  for  many  purposes  they  may  \ye  considered  to  be  quit*  so. 

The  force  which  a  smooth  surface  exerts  upon  any  Ix^dy  in 
contact  witli  it  is  always  nnrnuil  to  the  surface:  Uvr,  if  it  were  not 
normal,  there  would  be  a  component  of  the  force  that  would  op[>ose 
motion  in  some  direction — iliat  iw,  the  surfiu^e  would  not  Ix; 
smooth. 

40.  Static  and  Kinetic  Friction. — Consider  a  body  renting  on  a 
horizontal  plane  (Fig.  42).  The  body  is  in  equihbrium  under 
the  action  of  ih^.  force  Fn  normal  to   the 

plane  (m  this  cajse  the  weight  of  the 
body),  and  the  counteraction  R  of  this 
force.  If  a  ver>'  small  force  /«  be  applit^d  "^ 
to  the  body  parallel  to  ilie  interface,  the 
body  will  not  move  unless  the  surface  of 
contact  is  smtmth.  The  reason  is  that 
when  the  body  is  pulled    forward    along 

the  supporting  plane  Hx'  latter  ri^acts,  pushing  back  against 
the  body,  parallel  to  the  slipping  surface,  just  as  hard  as  the  body 
pushes  forward.  This  taugeutial  reaction/  which  keeps  the  body 
from  moving  is  called  the  static  friciional  resistance  or  the  static 
Jridion  Jietween  the  two  surfaces.  If  the  applied  force  fa  be 
increased,  the  static  friction  /  will  increase  at  the  same  time; 
and  if  the  applied  force  be  decreased,  t  be  static  friction  will  decrease 
at  the  same  time — the  static  friction  being  always,  so  long  as  the 
l>ody  does  not  sUp,  equal  to  the  force  that  tends  to  move  the  body 
along  the  surface. 

aft 
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When  the  force  panillel  to  the  slipping  surface  reaches  a  c< 
tain  definite  value,  the  body  slips.     That  is,  the  static  frictioi 
cannot  increase  further  and  is  no  lon^r  equal  to  the  force  tha.\ 
pushes  the  body  forwiii-d.     If  tho  force /«  that  Ls  being  applied  at 
the  instant  when  the  boi.l^'  shps  continues  to  be  applied,  the  bodi 
moves  along  the  surface  with  a  continually  increasing  speed.     Thai 
is»  if  it  is  desired  t-o  have  the  l>ody  move  with  uniform  sf)eed.  th 
applied  force  fa  must  lx»  de<'reasotl.     It  is  ftnuid,  however,  that 
certain  definite  force  does  nc-ed  to  lie  applied  to  keep  the 
moving  unifonnly  along  the  surface.     This  is  hei'ause  the  surface' 
reads  against  the  push  that  urges  the  lH>dy  forward.     The  tan- 
gential reaction  which  a  surface  exerts  upon  a  body  moving  aloi 
it  is  ealled  the  kiiwtic  frictional  resistance  or  the  kinetic  fricli 
between  the  two  surfaces. 

When  a  Inxly  is  moving  with  uniform  velocity,  it  is  in  eqiiilil 
rium,  and  the  force  that  is  needed  to  kc<»p  it  moving  e(iuals  tl 
kinetic  friction.  It  is  found  that  Iw^lh  kinetii^  and  static  fricti< 
are  inde|>endent  of  the  area  of  the  surface  of  contact.  It  is  al 
found  that  if  (he  velocity  is  not  exceedingly  small  nor  exceeding 
great,  the  kinetic  friction  is  almost  indept»ndent  of  the  velocil 
with  which  the  body  moves  so  long  as  the  sUpping  surfaces  remain 
unchangcfl. 

The  way  in  which  friction  changes  when  the  force  that  ten< 
to  move  a  body  along  a  surface  changes  may  conveniently  be 
represented  by  the  curve  sh<fwri  in  Fig.  43. 
This  curve  shows  thaf  .is  the  force  wliich^ 
urges  the  body  along  the  surface  in>^| 
creases,  the  frictional  resistance  to  motion 
is  etjual  to  this  force  until  the  \mii\{  A 
is  reached.  At  that  point  the  frictional 
resistance  drops  rather  abniptlj-,  and 
beyond  that  [xiint  the  frictional  resist- 
ance to  motion  is  practically  inde- 
pendent of  the  force  that  urges  the  luidy  forward,  l^p  to 
the  ix>int  A  the  friction  is  static  friction,  beyond  that  |)oint 
it  is  kinetic  fri<'tion.  The  kinetic  fricticm,  then,  has  a  certain 
rather  definite  value,  whereas  the  static  friction  may  have  any 
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value  from  asero  up  to  a  value  greater  than  that  of  the  kinetic  fric- 
tkm. 

In  the  ahovp  fuimgraphB  it  has  heeu  assunicd  that  the  surface 
over  which  the  body  moves  is  horizontal.  This,  of  course,  may 
not  be  Uie  case.  But.  t he  fri<'! ion  Ls  in  ever\'  coho  a  roaotion  that  is 
parallel  to  the  surface  along  which  the  body  moves,  and  the  force 
urging  the  body  along  the  surface  i»  in  every  case  a  force  parallel 
to  liie  surface. 

The  friction  between  two  surfaces  of  the  same  material  is 
illy  greater  than  between  surfaces  of  difTerent  materials.  For 
uple,  the  friction  Ix'twecm  two  clean  plane  glass  surfaces  is 
very  preat.  Clean  surfaces  of  like  material  tend  to  hold  together. 
Leather-covered  pulleys  an;  used  for  leather  belts  when  gre^t 
friction  is  requiretl.     Brass  bearings  are  used  for  steel  journals. 

4S.  IQuslrations  Distinguishing  Static  from  Kinetic  Friction. — When  a 
train  is  iri  njotion  ami  \\w  wliirls  are  not  ilipping  on  the  mils,  Du're  ia  static 
frictitin  ix'twet-n  tho  whnel  iind  the  rail,  unci  kinetic  friction  bolween  the  axle 
and  t>»^f\ug5.  When  all  tho  (-ouplere  of  a  lung  tmiu  of  tyirs  uro  tight,  a  loco- 
motive may  be  unable  to  start  a  heavy  train.  But  hy  first  backing  the  loco- 
ive  until  a  number  of  ci^uplers  are  loose,  and  then  going  ahead,  the  loco- 
re  may  tie  able  to  start  in  motion  one  car  at  a  time  until  the  whole  tniin  is 
iving.  This  is  a  raw*  of  ovurctjming  piecemeal  the  static  frittinn  on  the  Vjoar- 
ui|D*  "f  l)>e  train.  When  oni:e  in  inotion,  the  large  static  frirtion  is  replaced  by 
the  amaller  kinetie  frietion  so  tliat  the  traiji  can  cjwily  be  kept  in  motion. 

Consider  the  case  of  stopping  a  train.  By  increriHing  the  pressure  on  the 
lar&kea  the  kinetic  frictitin  In-twivn  the  wheel  iiiwl  the  brakcwhoe  is  increased 
BA  long  od  the  wheel  turns  in  the  brake:$hoe.  After  this  point  the  brak^hoc 
*' wiiMK  "  the  whwl  and  the  latter  skids.  Just  before  the  brakeahoe  seises 
the  wheels  ttie  wheel  in  on  the  verge  of  i:>1ipping  on  the  rail.  At  this  instant 
tht  \aati\c  frirtion  h<*tween  the  wheel  and  bmkeshoc  equals  the  maximum 
friction  Ix-twecn  the  wheel  and  the  rail— that  is,  is  gnaiter  than  the 
fnction  lietween  the  wheel  and  the  rail  would  be.  This  meanj)  that  at 
instant  the  force  that  opi>oscs  the  turning  of  the  wheels  is  greater  than 
tiie  forr»?  tlmt  woiUd  opjMise  (he  hlHling  of  the  wheels  along  the  rails  if  the 
wheels  were  prevejUed  from  turning.  Thus,  the  maximum  effect  of  the 
bnJtes  IS  produced  by  tightetiing  them  until  they  are  just  on  the  point  of 
iKtfing  tbe  wheels  but  still  allowing  them  l(»  turn. 

42.  Coefficients  of  Friction. — In  order  to  keep  a  body  A  moving 
with  unifonn  speed  over  a  body  5,  a  certain  force /^  must  be  applied 
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to  A  parallel  to  the  surface  of  B.     If  the  force  that  presses  A  agaii 
B  be  doubkxl  it  is  found  tliat  in  onlvr  to  keep  A  moving  uniforml 
the  force /j,  must  also  be  doul^led.     In  general,  (he  force /p  thj 
must  be  applied  parallel  to  the  surface  of  a  body  iu  order  to  k( 
another  bwly  nioxnti^  with  uniform  speed  alon^;  it  is  proportioi 
to  the  force  Fn  that  prej^aes  the  two  iKidies  together.     That  ia, 


fp-bFn, (i: 

where  b  is  a  quantity  known  afi  the  coefficient  of  kinetic  frioti< 
between  the  two  given  surfnces.  Since  the  fnrce  needed  to  keep 
lx)dy  moving  witli  uniform  s|xx*d  equtils  the  force  that  opjx)ses  tl 
motion,  the/p  in  (11)  ex^uals  the  kinetic  friction.  It  follows,  the 
that  the  c-oejficieiit  of  kinetic  Jricihn  may  Ik*  ilofincd  a«  the  ratio  of 
kinetic  friction  t-o  the  force  that  presses  ihc  I  wo  hodiea  together. 

In  order  to  set  the  body  .4  into  motion  over  the  body  B  dB 
certain  force  F^,  must  be  applied  to  A  parallel  to  the  surface  of^ 
B,  If  tht*  force  that  presses  ^1  against  B  be  tlouhled,  it  is  found 
that  in  order  to  start  A  the  force  F^  must  also  lie  doubled.  i^| 
geneml,  the  force  Fp  that  must  be  applied  parallel  to  the  surfac^^ 
of  a  body  in  order  to  start  another  to  moving  ?ilong  it  is  propor- 
tional to  the  force  Fn  that  presses  the  two  bodies  together.  Tl 
is, 

Fr^ixFm 
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where  ^  is  a  quantity  known  as  the  coefficient  of  static  frictiot 
between  the  two  given  surface-s.     Sintx,  up  to  the  |xjint  when  the 
body  begins  to  slip,  the  force  that  is  applie<i  parallel  to  the  surff 
equals  the  frictional  rei^istance  to  motion,  the  Fp  in  (12)  equi 
the  friction  when  the  l>ody  is  just  on  the  point  of  slipping. 
follows,  then,  that  the  coefficient  of  atalic  friciion  may  he.  detined  as 
the  ratio  of  the  friction  when  one  body  is  just  on  the  fx)int  of  sli^^ 
ping  to  the  force  that  presses  the  two  bodies  together.  ^| 

Since  the  static  friction  when  the  body  is  just  on  the  point 
of  slipping  is  greater  than  the  kinetic  friction,  it  follows  that  the 
coefficient  of  static  friction  is  always  great^^r  than  the  coefficient 
of  kinetic  friction. 
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43.  The  Laws  of  Friction. — In  the  preceding  article  it  haa 
•n  Rlate*!  tluit  oxperiiuents  show  that  L^oth  static  and  kinetic 
:tion,  (a)  vary  directly  with  the  force  normal  to  the  nlipping 
FoL'cs,  and  (fe)  are  independent  of  the  area  of  the  surface  of 
itftct;  and,  (c)  that  kinetic  friction  is  nearly  iri(ler»c»ndent  of 
relative  speed  of  the  two  bodies  so  long  as  the  slipping  surface 
constant. 

NomerDUB  cases  occur  which  have  been  ImaKiniHl  to  l>o  in  opposition  to  the 

two  laws.     One  case  under  cac-h  will  now  be  considered.     By  increasiiig 

angle  of  contact  between  a  bi'lt  and  a 

the  static  friction  between  the  two 

I.     As  Ihe  surface  of  contact  is  y^      \    /  7s./f 

when  the  angle  of  contact  ia 
some  have  argued  that  the 
off  friction  is  due  to  the  increu8e  of 
ol  conUct.  In  Fig.  44,  IcL  EGllJ 
t  the  portion  of  the  belt  ill  contact 
itll  the  puUcy  whiwe  centtT  ia  i\  On 
Mxmnt  of  the  frirtion  between  the  two 
areA,  the  tension  of  the  belt  will  vary 
alung  the  length  in  contact  with  the 
llley.     When  the  belt  is  just  on  the  point  Fia.  44. 

^pfjing.  let  the  tensions  at  the  ends  of 

arc  GH  subtending  the  indofinit<!ly  small  angle  A9  be  denoted  by  /  and  /. 
.  f  and  F'  rei)re»ent  the  tensiorin  of  tlie  iJeil  where  it  leaves  the  pulley. 
By  oompounding  the  forcra  /  and  f — whirh  are  approximately  (^^uhI  b*- 
■e  Atf  ia  very  small — it  is  found  tliut.  the  imrmal  force  R  against  the  pulley, 
>  to  the  element  of  the  belt  Gf/,  is  given  by  the  equation 

iP-P+/»-f-*i/r  co»  (180-A9) 

«:y»il+ooii  (180-Afi)|=2/^2  oo6»  Hl80-Afl)l, 

R»2/cofl  l(180-Aff)==lVBin  JCAtf)  =^/Ae.' 

luation  it  follows  that  the  force  normal  to  the  surfoee  of  contact 
(hrectly  with  the  angle  of  contact  between  a  belt  and  a  pulley. 
fivr  this  rraeon  that  the  static  force  of  friction  increases  with  the  an^e  of 
itact  'jf  a  beit. 

On  prosing  a  east^ron  brakeshoe  against  a  car  wheel  with  sufficient  force 
quickly  stop  the  car,  it  is  found  that  when  the  rar  ii*  ninninit  00  miles  per 
ur  thi*  relation  brtween  the  force  of  friction  and  the  force  nomml  to  the  rub- 
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bing  Bitrfaws  ia  fmin  one-tJiirU  to  one-luilf  iw  groat  as  when  the  car  U  runnuis^ 
20  mile**  por  hour.     This  doca  not  mean  tluit  the  cucfhtieut  of  kinetic  frioti* 
of  ca«l  iron  per  hour  when  the  speed  iu  tiO  niiU-»  is  from  one-llurd  io  oue-hj 
as  grojit  lis  wlien  the  speed  w  20  miles  per  hour.     The  force  of  frir.tion  ia  U 
because  the  surfaece  have  change<j.     Under  the  high  speed  much  heat 
developed  and  the  abraded  material  is  suffieientW  soft  to  )>e  rolled  mto  roundt 
forms.     It  is  the  presonne  of  these  rounded  bodius  between  the  wheel  and  the 
brakeshoe  that  diminishes  the  apparetit  coefficient  of  kinetic  fri(*tion  at 
speed. 

44.  The  Limiting  Angle  of  Static  Friction. — Consider  a  hod; 
resting  u[K>n  a  rough  plane  to  be  act^  npon  by  a  force  inclined 
to  thr  phme-     In  Fig.  45  the  plarni  is  iiwliiicd  and  the  fort-c  is 
vertical.     In  Fig.  46   the  plane  U    horinontul   and    the  force  is 
inclined.    The  force  R  acting  uptm  the  lx>dy  may  1m*  resolveil 
two  components,  one  CB  parallel  to  the  plane  and  another 


Fui.  45. 


perpendicular  Ui  it.  If  CB  is  greater  than  the  static  friction  can 
be,  tlie  lK>dy  will  slide.  If  CB  is  not  greater  than  the  static  fric- 
tion ciin  be,  (he  bo<ly  will  rt'inain  at  rest  and  the  static  friction 
will  ciiual  CB.  In  Fig.  45  the  value  of  CB  can  Ix^  changed  by 
changing  the  inclination  of  the  plane,  and  in  Fig.  46  bj*  chan 
the    inclination    of   H. 

Suppase  that  the  angle  lK'tW(vn  thenonnal  to  the  slipping 
face,  CD,  and  the  line  of  action  of  the  result-ant  force,  CA,  be  8U 
that  the  body  i.s  on  the  verge  of  slipping — that  is,  that  CB  eq 
the  givatest  |K>ssiMe  value  of  the  static  friction.  If  now  R  be 
doubled,  both  conijxjmints  will  l>c  dotibled.  Htit  when  the  coni- 
ponent  Fn  that  presses  the  body  against  the  plane  is  doubled. 
(12)  shows  that  the  grciitest  possible  value  of  the  static  friction 
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is  also  doubled.  It  follows  that  the  new  value  of  CB  just  equals 
the  new  greatest  possible  value  of  the  static  friction.  The  same 
holds  true  however  large  R  may  be  made.  If  the  angle  between 
Fn  and  R  be  less  than  that  which  makes  the  component  CB  equal 
to  the  force  of  friction  /xF«,  then  whatever  the  value  of  /2,  the  body 
will  not  slip. 

Representing  the  angle  between  the  normal  to  the  slipping 
surface  and  the  line  of  action  of  the  resultant  force  acting  upon 
the  body  by  the  symbol  6,  it  follows  that  there  is  a  certain  value 
of  6  such  that  the  body  will  always  be  just  on  the  verge  of  slipping, 
whatever  the  value  of  the  resultant  force.  The  angle  between 
the  normal  to  the  slipping  surface  and  the  resultant  force  acting 
upon  the  body  when  the  body  is  on  the  verge  of  slipping  is  called 
the  limiting  angle  of  static  friction  or  the  angle  of  reppse. 

The  value  of  the  limiting  angle  of  friction  is  easily  determined. 

DA 
If  the  body  is  on  the  verge  of  slipping,  then  — —  =  tan  6. 

But  when  the  body  is  on  the  verge  of  slipping,  DA(  =  CB)  =  tiFn 


]' 


flFr 

Fn 


Hence,  t^jt    =tand 

0  =  tan-V (13) 

That  is,  ,the  limiting  angle  of  friction  equals  the  angle  whose 
tangent  is  the  coefficient  of  static  friction. 

If  one  pinches  a  wet  orange  seed  between  the  thumb  and  finger,  the  seed 
will  be  projected  with  considerable  s[>eed.  But  the  enormous  pinching  force 
exerted  on  a  thin  iron  wedge  driven  intx)  a  log  will  not  eject  the  wedge.  In  the 
former  case,  the  limiting  an^  of  friction  is  smaller  than  the  angle  between  the 
Dormal  to  the  slant  faces  and  the  thrusts  against  them;  while  in  the  latter 
case  it  is  much  larger.  Consequently,  in  the  latter  case,  however  great  the 
thrust  may  be,  the  wedge  is  not  dislodged. 

The  brasses  BB  of  a  connecting  rod,  Fig.  47, 
are  drawn  firmly  against  the  crank  pin  A  by 
means  of  a  strap  Sf  which  Ls  made  tight  by  means 
of  &  thin  wedge  K,  called  a  key.  The  force  with 
which  the  brasses  press  K  against  C  makes  with 
tlie  normal  to  the  inclined  face  of  K  an  angle  less 
than  the  limiting  angle  of  friction  for  iron  on  iron. 
great  this  thrust  may  be,  the  key  is  not  dislodged. 


Fig.  47, 
Consequently,  however 
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The  threads  of  a  jockscrew  Bupportini;  a  heavy  loud  ore  acted  upon  by 
force  tending  to  turn  the  screw  downwnrd  mto  the  nut.     But  the  pitch  of  tl 
thre.a<.l»  in  wj  Htiiall  ttml  this  force  inak^*?;  willi  th^*  normal  to  the  llireatb* 
an^c  lc38  than  the  Umiting  angle  of  friction  of  iruu  ou  iron.     Couscqueutlyj 
the  screw  does  not  turn. 

4B.  Rolling  Resistance. — When  a  sphere  or  cyhnder  rolls  on 
plane  surfa-ee  tliere  is  lieveloptHl  at  the  [ilat'e  (if  wintact  an  opposi- 
tion to  the  motion  which  is  ciilletl  roUiiuj  rv^istivice.     This  opjwsi- 
tion  is  alwj  ealled  niUinK  friiition.     But  a8  the  opjx^sitioii  is  not  a 
matter  of  niV)bing,  the  former  term  is  to  be  preferred.     Rollinjc 
rejsiaUint-e  is  ilue  to  t!ie  fact  that  the  rolhiig  body  is  slightly  flat- 
tened, and  the  plane  surface  is  slightly  depressed  at  the  place 
contaetj  thereby  reciuiring  the  rolling  body  to  eonHtantly  mount 
slight  elevation. 

When  moving  to  the  rights  the  body  shown  in  Fig.  48  is  act^ 
upon  by  a  force  Fn  normal  to  the  surface  on  which  it  is  rolling, 

a  fori'e  F'pj  which  is  requireil  to  keep 
the  body  rolling  uniformly  parallel  toH 
this  surface,  and  the  reaction  R  applit?<r™ 
at  some  point  c.    The  point  c  is  some- 
where in    the    interface    between 

two  bodies. 

Taking  momenta  with  resj}«ct 
an  axis  perpendicular  to  the  plane 
tlie  diagram  thniugh  c, 


it- 

1 


F'p{ab)-Fn{bc.)'\-H{{))^{y 
Therefore,  the  rolling  resistance 


^'-4^" 


6c 


(1^ 


Therefore,  when  a  sphere  or  cylinder  rolls  on  a  yielding  sui 
face  that  takes  a  permanent  deformation,  the  rolling  it-sistance 
almost  inversely  prbpctrtional  to  the  radius  of  the  rolling  body.     W 
is  found  by  experiment  that  the  coefficient  of  Fn  in  this  equati 
ia  not  a  constant  quantity.     In  this  manner  rolling  rcaistani 
differs  from  kinetic  and  static  friction. 
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Experiment  shows  that  witliin  wide  variations  of  load,  (Fn), 

id   mdiuK,    (r),  the    distance   be  is  nearly   constant    f<»r   given 

iteriaU.     For  this  reason,  the  distance  be  is  called  the  coefficient 

juUing  resistance.     For  a  caat-iron  roller  on  a  steel  surface,  the 

ient  of  rolling  resistance  ia  about  0.015  inch. 

The  Advantage  of  hniiling  a  heavy  load  on  a  wagon  injttead  of  dragging 

load  along  the  ground  i»  partly   due  to  tlic  fact  that  rollinR  resist- 

iileaR  timn  itliding  fnrtir)ii.    For  the  Atime  rentuin  "  frictiim  bcjinng»,  "  u^ing 

Lber  ivUIiig  cylmdei?  or  balls,  are  extensively  iwcd  in  many  cla!«4;a  of  niu- 

A  pneumatic  tire,  by  flattening  out  where  it  ia  in  contact  with  the  ground, 
the  advantage  of  a  whuel  of  larger  diameter.     On  the  other  hand,  the 
Sn  fnint  of  the  flat  place  gives  the  disadvantage  of  on  obBtnietion  which 
must  continuaDy  elimb.     On  a  soft  rough  road  a  pneunmticr  tire  is 
U3.     On  a  Jiard  aniooth  plane  rvMid,  a  hard  tire  in  superior  to  the 
eumatie  tire. 
The  rolling  resiAlance  of  a  four-wbef^Iod  wagon,  on  various  sorts  of  road- 
mys,  cacprcaood  in  pounds  weight  per  ton,  is  about  us  follows: 


Cubical  stone  block  paven>enr. 

Maoftdam  road.  

Gni\'cl  n>ad.    . 

Cniumon  dirt  road 


35=b8 

G0J=7 
10.5d=35 
I.'j0zb75 


46.  Lubricants. — A  bihricant  is  any  substance  which,  coating 
ith  a  thill  film  two  teiring  snrfait^s,  will  reduce  their  frictional 
Kiitance.  When  oil  is  placed  Ix'tM-eon  a  shaft  and  a  Ix-aring, 
Bedipping  takes  place  between  two  fihiis  of  oil  instejid  of  iietween 
wo  solid  surfaces.  The  advantage  in  the  use  of  the  oil  is  due  to 
he  fact  that  the  friction  l)etween  hv^»  fluid  surfaces  is  Ic.sh  than 
hat  between  two  soUd  surfaces.  The  laws  of  fluid  friction  are 
lifferent  from  the  laws  of  the  friction  between  solids.  The  fric- 
ioD  between  two  fluid  surfaces,  (a),  is  independent  of  the  pressure 
(etwecn  the  fluid  and  the  s<jlid;  (6),  varies  appnjxiniutcly  willi  the 
quarc  of  the  relative  velocity;  (c),  varies  directly  with  the  area  of 
ubbing  surface;  (J),  varices  directly  with  the  density  of  the  fluid. 

By  filling  (he  rugosities  of  rough  surfaces  with  plumbagi)  nr  graphite,    thu 

"^        *      day.  the  dusi  r(»veriijg  milway  rails  aets  i\»  a  lubricant  t4i  sueh  an 
there  is  a  c^nnsiderable  tendency  of  the  w1h«Ls  of  a  loi^omotive  to 
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slip,     .\ftcr  a  rain  has  washed  u^  the  du:iit,  the  sauic  lu<»mutivc  can  draw 
heavier  load. 


Solved  Pkohlcimh 

Problem. —A   luuform  bourn  weighing  50  kg.,   inclined  at  on  angle 
30**  to  the  vertical,  rests  between  a  rough  (Mtvcment  and  a  smooth  verti 
wall  and  is  jiiBtvOn  the  verge  of  slipping.     Find  the  thniRt-s  exerted  agai 
tlie  pavement  and  the  wait,  and  hI^K)  find  the  coefiicient  of  static  frirti 
between  the  beam  and  the  puvenienl. 

Solution. — Before  reading  tin;  Mihilion  of  (his  problem  the  stud 
should  read  again  the  solution  of  the  problem  on  p.  3^. 

Limit  the  attentioo  to  the  fon^e  acting  ujwn 
beam.  Since  the  wall  la  smooth,  there  is  at  iJ 
fri(.'tii}nal  resiatanee  to  the  slipping  of  the  bt^ani  down  the 
wall.  There  is,  however,  the  force  Fi  with  which 
wall  i)iL**hes  against  the  beam  to  prevejit  it  from  fall 
over.  At  A  the  ground  presses  up  against  the  beam  wi 
some  force  Ft,  and  the  friction  iK'tween  the  !>pani  and 
the  ground  is  the  force  thjit  keeps  the  bottom  of  the 
bejuu  from  clipping  lo  the  right.  Wlien  the  bf^ain  i^  just 
on  the  point  of  wlipping,  thw  friction  is,  by  (12),  tiFi. 
F^o.  49,  where  fi  denotes  the  et>efEcient  of  static  friction  between 

the   beam   and   the  ground.     Since  the  beam  is  untfo 
its  weight  may  be  regarded  as  a  single  force  acting  ut  the  middle  ix>int. 

Since  the  Ix'nm  is  in  e<|uilibrium,  we  may  apply  the  two  conditioiut 
equilibrium.  The  fir^t  of  thcae  conditions  gives  two  equations:  For  the  veni 
components  of  the  forces, 


'^^^ 


jir,' 


and  for  the  horiKontal  (*cim|M)nentJt  of  the  ff>rceM, 


Fi-^F-^iJ. 


(H 


Any  point  may  be  I'lu^seu  us  the  center  of  nionieuts.     If  the  point  A  is  chosen 
the  seound  coiidili:or]i  of  etpiitibrium  gives  the  equation 


Fi{Bi))-m{AC)=0, 
or,  if  the  length  of  the  beam  be  called  I, 

Ftil  cos  30^)  -50(4  [  sin  30**)  -0. 


Thelin  (17)  caucclftoul      And  when  the  three  independent  simultaneous equA 
tioDB  (15),  (16),  and  (17)  are  solved  for  the  three  unknown  quantities  Ft,  Fi 
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And  p^  their  rallies  &re  found  to  be  respectivoly  14.4  kg.  wt..  50  kg.  wt.,  and 
0.29. 

pBoai^BM. — If,  due  to  air  reaistance,  frictioii  of  journals,  etc.,  the  motion 
of  a  tram  ia  oppooed  by  a  force  of  5  lb.  wt.  per  1000  lb.,  find  the  total  weight 
of  a  trmin  tJiat  can  he  hauled  by  a  I00,000-lb.  looomotive  on  a  level  track 
■idi  that  the  ooefficteut  of  static  friction  between  the  wheels  and  rails  is  0.15. 

Sm.t'nopf. — The  greatest  pull  that  can  be  exerted  by  the  train  on  the 
iDooCDotive — and  therefore  by  the  locomotive  on  the  train— «quala  the  force 
of  0tatM  friction  between  the  whecU  of  the  locomotive  and  the  rails  when 
the  wheda  are  on  the  verge  of  slipping  on  the  rails.  From  (12),  this  force 
pinhing  on  the  locomotive  is 


P,-O.I5(100,000)=«  1.5.000  lb.  wt. 

When  the  tiain  is  moving  with  uniform  velocity  the  force  pulling  back  on  the 
k>noaK>trve  equals  the  above  force  pushing  the  locomotive  forward.  The 
force  pulling  hack  on  the  locomotive  is  the  kinetic  friction  of  the  journals, 
etc.  Since  the  resistance  to  motion  is  5  lb.  wt.  for  every  1000  lb.  wt.,  the  co- 
rfficient  of  kinetic  friction  in  0.005.  If  the  weight  of  locomotive  and  train  be 
npnaeoted  by  W,  then  from  (11),  the  kinetic  friciiou 

/p«O.0O5  W. 
And  nnoe,  when  the  train  is  moving  with  constant  velocity,  fp^F^, 
0.0a5  17  =  15.000  lb.  wt.. 

17-3,000,000  lb.  tt-t. 

pMOBUai. — A  k)ooniotivo  weighs  S5  tons.  The  coefficient  of  static 
ftietian  between  wheels  and  rails  is  0.18.  Kind  the  total  weight  of  itself  and 
train  which  it  can  draw  up  a  1  per  cent  grade*  if  the  resistance  to  motion  on 
the  level  is  10  lb.  wt.  per  ton. 

801.LT10K. — ^The  advance  of  a  locomotive  is  due  to  the  wheels  pushing 
backward  00  the  track.  If  the  wheels  slip,  the  loMimotivp  cannot  pull.  The 
great«Bt  pull  jxissible  is  that  exertod  when  the  wheels  are  just  on  the  verge  of 
slipping.    When  thia  condition  orcuro.  the  tractive  force  Fp  is  given  by  (12), 

Fp  —  nF,„ 


•  Tte  crad*  of  •  rontl  w  luiuUIy  meuured  by  the  rntio  of  the  rertieal  height  to 
hatnonf»)  ilMtaitoe.  Thus.  •  rawl  ri  said  to  have  an  x  per  rrni  giude  whvn  the  tancQ&t 
of  Mb  iadliatioii  to  tlifl  borUonUl  equali  x/100. 
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where  Fn  i^  the  force  normal  to  the  track  and  >i  is  the  coefficient  of  ntat 
Iriction  betwut-n  tUe  wheels  and  mils. 

From  Fig.  50,  /''«  =  IV",  oos  *.  And  since  the  ^tv\e.  is  1  per  (-('rit,  * 
tan-' 0.01  =-35'.  Conaequcatly  thu  Kreatest  tractive  force  the  lo<»moti> 
c&D  exert  ia 


/i^p-ZiW,  ooe35''(0.l8)(35)(0.9999)  =  6.3  tons  wt. 


(1« 


When  the  train  is  loadod  to  the  degree  that 
wheels   of   the  locomotive  are  just  on   the   verge 
alvJdding  on   the  rails,  the  force  Fp  is  exactly  hnlanrcd'j 
by  the  sum  of  the  comp<jnent  F'  of  the  weight  of  thaj 
train  downhill  and  the  resistance  to  motion  F"  due 
friction  of  journala,  et*.     Ttiat  is^ 


Fj,  =  F'-\-F 


m 


If  the  total  weight  of  train,  inoJutiinK  the  to<H>niotive,  in  represented  by 
the  component  of  this  weight  in  the  direction  of  the  rails  is 

F'^W  sin  35'  =  »^(0.0l) (3 

Since  the  resistance  to  motion  on  the  level  is  10  !b.  wt.  per  ton,  the  re- 
Bistanee  on  the  level  for  the  entire  train  is  ^h%v  1V[=0005  ir]i   and   the 
eistance  to  motion  on  the  jp^de  ia 

F"  =0.005  W  cm  35'  r^  (0.005)»K(I ) ( 

By  substituting  in  (19)  the  valuw  ^riven  iti  (18),  (20),  and  (21),  we  < 


Whence 


6.3  =  ?V(0.01)4-I*'(0.006). 


JK -=420  tons  wt. 


QUESTIONB 

1,  In  raifling  a  building  preparntor>'  to  moving  it,  jackscrcwB  were  usecP 
In  starting  thew  with  the  turning  burH,  the  wurkumu  used  a  number  of  sudden 
jerks  instead  of  a  steiidy  puil.     Explain  why.  ^h 

2.  A  building  is  Lifted  by  means  of  jackserews.     Why  ia  it  that  when  H^H 
force  is  applied  at  thr  ttirning  barw,  the  weight  of  the  building  doea  not  turn 
the  screws  so  as  to  lower  itself?     Draw  a  diagram  in  which  the  forces  involved 
are  represented. 
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S.  Why  are  wagons  used  instead  of  sleighs  on  an  earth  road?  Why  is  the 
revene  true  on  snow  roads? 

4.  In  starting  a  looomotive,  if  the  wheels  slip  on  the  rails  the  engines  will 
shut  off  the  steam  and  then  start  over  again.  What  principle  does  be  make 
use  of? 

5.  Why  is  it  harder  for  a  team  of  horses  to  start  a  "  stone  boat  "  on  a  hard 
road  than  to  keep  it  going  after  it  is  started? 

6.  Does  an  engineer  gain  anything  by  putting  sand  on  the  rails  if  the 
whedi  do  not  slip  on  starting?    Eiqilain. 


CHAPTER  IV 

THE  MOTION  OF  A  BODY  UNDER  THE  ACTION  OF 
ZERO  FORCE 

§   1.    Unifonn   Linear  Motion 


47,  Linear  Speed  and  Linear  Velocity. — By  the  motion  of 
body  is  meant  tlie  ohangp  of  the  position  of  the  Ixwly  with  ref« 
ence  to  some  other  Ixwly.     The  velocity  of  a  Ixxly  relative  to  the' 
PArth  is  wjinetimcH  c^alle*!  the  ul)st»hit(>  velocity  of  the  bocly.     To 
describe  a  linear  motion  three  elements  must  be  specified.     These 
are,  the  dirertidn  in  whieli  the  displiieenient  occurs,  the  distain 
traversed,  and  the  time  occupieil  in  traveUng  this  distance. 

The  ratio  of  the  distance  traveled  to  the  time  occupiod 
traversing  this  distance  is  called  speed.     When  wc  are  interested' 
not  only  in  how  fjist  a  l>ody  is  moving  hut  also  in  the  direction  in 
which  it  moves,  wc  speak  of  the  velocity  of  the  body  instep 
its  speed.     The  sjK^ed  of  a  train  may  be  oO  nu.  per  hour;  its  veli 
ity  may  be  .50  mi.  i>ei'  hour  north. 

A  point  whi<^h  traverses  equal  spaces  in  equal  times,  howev* 
small  the  unil  <>f  time  may  lx\  is  said  to  have  uniform  speed.' 
When  tile  speed  is  not  unifann,  weoft<^!i  sfw^ak  of  the  instantaneous 
speed  at  a  given  point.     The  instantaneous  speed  at  any  point  ijH 
the  ratio  of  the  distance  the  body  would  travel  durini?  the  nexr^ 
interval  of  tune  to  the  magnitude  (►f  this  interval,  if  from  tliat 
point  the  speed  remained  uniform.     Sup}Kxse  two  trains  are  ruil^| 
ning  side  by  side  in  the  same  direction,  one  at  a  imiform  speed  an(^^ 
the  other  at  a  slower  speed  wliich  is   gnulualiy    increasing.     A 
person  on  the  train  moving  with  increasing  speed  sees  the  other 
train  at  first  moving  aheml,  then  standing  still,  and  finally  falling 
behind.     At  the  instjint  the  train  ap|x^ars  to  he  standing  still, 
the  speed  of  the  uniformly  moving  train  equals  the  instantaneous 
speed  of  the  other  train. 


1 
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A  point  which  preserves  both  its  speetl  and  the  direction  of  its 
motion  constant  is  said  to  be  moving  with  unifonn  velocity.  When 
either  the  direction  of  motion  changes,  or  the  distance  parsed 
over  in  equal  times  changes,  the  velocity  is  variable.  A  point  on 
the  rira  of  a  fly  wheel  may  traverse  equal  distances  in  equal  times. 
Il6  linear  speed  is  then  constant.  But  as  the  direction  of  its 
motion  is  changing,  its  Unear  velocity  is  ununiform. 

Denoting  by  v  the  constant  speed  of  u  point  traversing  the 
distance  x  in  time  i^  we  have,  from  the  definition  of  speed. 


(22) 


This  equation  shows  that  the  unit  of  speed  Ls  a  speed  such  that 
a  unit  distance  is  traversed  in  unit  time.  The  unit  of  time  em- 
ployed in  physics  is  the  second.  It  follows  that  a  speed  may  be 
expTf^ssed  in  feet  per  second,  in  miles  per  hour,  in  centimeters  per 
second,  in  kilometers  per  minute,  etc.,  the  word  *'  per  "  indicating 
the  words  "divided  by."  A  sj>eed  of  one  nautical  mile  (2024 
yards)  per  hour  is  called  a  knot. 

48.  The  Composition  of  Uniform  Linear  Velocities. — A  pas- 
senger walking  across  a  moving  railway  carriage  furnishes  an 
exHinple  of  what  are  called  sinudtaneous  velocities.  The  pas- 
ger  has  a  velocity  relative  to  a  point  of  the  carriage,  and  at  the 
le  time  the  cjirriage  has  a  velocity  wnth  respect  to  a  point  on 
earth.  These  are  callefl  components  of  the  passenger's  motion 
with  resjieet  to  the  earth.  His  actual  velocity  with  reference  to 
the  earth  is  called  his  resultant  velocity.  If  the  component  veloc- 
ities of  a  IxhIv's  motion  are  in  the  same  direction,  the  resultant 
velocity  equals  their  algebraic  sum. 

Tlie  resultant  of  two  uniform  velocities 
inclined  to  one  another  will  now  be  deter- 
miniHl.  L(?t  OB  represent  the  velocity  of 
the  train  relative  to  the  earth  and  let  0^1 
repn-sent  the  velocity  of  the  man  relative 
to  the  train.  In  other  words,  the  line  OB 
repreaents  the  direction  and  the  tlistaiue  traveled  by  the  train, 
with  referenoe  to  the  earth,  during  some  time  t;  while  OA  reprc- 


the 
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sents  the  direction  and  the  distance  traveloil    by   the   man,    witi 
refnrnce  lo  th4'.  train,  durinj;  the  Huino  lime-.     During  the  time  ifi 
the  man  moved  across  the  (rain  from  O  to  A.     Duriiij^  this  tim< 
the  line  OA  inoveci  |MiralleI   to   itj^elf   through   the  distance  03^ 
Consequcnll)^   at   the  end  of  the  time  U he  man  has  reached  th< 
point  C. 

It  remains  to  be  shown  that  throughout  the  time  /  the  man 
was  mtjviiiR  ulonR  tlie  diagonal  OC.  Supj^KJse  that  during  wmie 
interval  of  time  l\  less  than  t,  the  train  has  traversed  the  distance 
06;  while,  with  reference  to  the  train,  the  man  has  traversed  the 
dl'^tance  Oa.  Draw  ac  and  be  parallel  to  OB  and  OA ,  respectively. 
FoUowinK  the  nu'lhod  of  the  preceding  i>aragraplj,  it  is  seen  tliat 
at  the  en<l  of  the  interval  /  the  man  is  at  c. 

But  since  the  velocities  along  OA  and  OB  are  uniform, 


and 


Whence, 


i'      Oa 
t      OA 

Ob      ac 
OB     AC 

Oa    OA 
ac      AC 

ConRcqucntlyj  Oc  and  OC  are  colinear.     This  means  that  at  any' 
instant  during  the  time  t  the  man  was  on  the  diagonal  OC.     There- 
fore, if  two  eimuUaju-ouii  uniform  litiear  velocities  be  representei^t 
by  two  n/ijacent  sides  of  a  jmrnllelograni,  the  reaiiUiinl  velocity  iS^ 

reptfuctited  by  the  diagmial  which  jmtiHt's  throvgh  their  inlrrseclion, 

Since  the  parallelograms  ab  and  AB,  Fig.  51,  are  similar, 

t'  :  t[  =  Oa:  OA]^Oc:  OC, 


That  is,  the  tliatancc  describe*]  along  the  resultant  is  directl 
proportional  to  the  time.    Therefore,  the  resultant  of  two  unifi 
velocities  is  a  unifonn  velocity. 

49. — We  have  just  sc*en  that  if  a  man  moves  across  a  train  in 
direction  OA,  with  a  velocity  t^m  —  OA,  and  if  at  the  same  ti 
the  train  is  moving  along  the  earth  in  some  direction  OB  with 
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velocity  ^t  —  OBt  then  the  velocity  of  thn  man  with  rc'fcrenre 
to  the  earth,  ,»>«  is  i-cpresenti^d  by  0(J.  In  general,  if  one  l>ody 
moves  with  reference  to  a  second,  and  at  the  same  time  the  second 
moves  with  reference  to  a  thu'd,  then  the  velm-ity  of  the  first  with 
rvierence  to  the  tlvird  is  represented  in  direction  arid  in  magnitude 
by  the  diagonal  of  tlie  parallelogram  constructed  upon  the  lines 
representing  the  two  component  velocities^  all  three  lines  being 
drawn  from  the  same  point. 

If,  however,  we  attempt  to  combine  in  thLs  way  the  velocity 
of  the  first  in  respect  to  the  second  with  the  velocity  of  the  first  in 
respect  to  the  third,  e.g.,  t«  combine 
the  velocity  of  the  man  in  rt-spect  to 
the  train  with  the  velocity  of  the  man 
in  respect  to  the  earth,  we  would  get 
a  line  0/>,  Fig.  52,  which  represents 
nothing  that  we  already  had  on  our 
diagram,  and  which  certainly  does 
not  represent  the  velocity  of  the  man 
with     reference    to    e i  I  her    ear  t  h    or 

train.  In  fact,  this  combination  would  Imv  meaninglesR.  Ii 
general,  if  we  attempt  to  combine  the  velocity  of  the  first  in 
res|.)ect  to  the  second  (jf'i),  with  any  velocity  exce[»t  that  of 
eitlier  the  second  in  respect  to  something  (x«'2),  or  that  of  some- 
thing in  respect  to  the  first  (lO,  the  result  Ls  meaningless.  Tlie 
^m{y  way  in  which  it  is  permissible  to  compound  velocities  may  be 

^Bdicat«d  as  follows: 

^^P  2(11  and  xH  give  k'i, 

awi  and  ic  give^yx. 

If  we  adopt  the  notation  used  alKn'e,  and  wi'ite  for  any  velocity 
a  t'  with  two  subscripts,  a  right  ffub.script  to  indicate  the  moving 
body  and  a  left  subscript  to  indicate  (he  body  to  which  the  motion 
is  referred,  we  see  as  illustrated  above  that  two  velocities  can  be 
compounded  only  when  (he  right  subscript  of  one  is  the  same  as 
the  left  subscript  of  the  other.  When  we  do  so  compound,  the 
resultant  velocity  is  the  velocity  of  the  body  indicated   by  the 
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rcmaiiiiug    right,   subacript,  anrl   the   Ixxiy   to   which   motion 
refcrrofl  Is  that  indieatod  by  Ihc  iviniiinin^  It-ft.  sulwcript. 

60.  Resolution  of  Uniform  Linear  Velocities.— If  a  resultAnI 
velocity  l>c  rcpliicod  by  two  conipoiu'iit  vclocitiei*,  it  is  said  t-o 
resoK^ed  into  those  components.     The  remarks  made  in  Art-s. 
and  H4  witli  regard  to  thi^  lesotutiou  of  forcejs  jiro  also  applicable 
to  the  resolution  of  velocities. 

For  example,  umiuder  the  resolution  of  linear  vclociiics  in  the  sailing 
an  ire  yacht  (Kig.  ^].     Let  the  wind  blriw  afCHirLst  llie  wiW  with  ii  K|>eed  r  at" 
an  angle  fi  (Fig.  54),     Donoto  the  angle  between  the  hmII  and  the  linn  of  the 

runners     by     ^,      NegUviing     t1 
alight    friction    of    the    ninners 
the  ice,  the  speed  V  of  the  yaofat 
will  now  be  derived. 


Fio.  53. 


^-'— i> 


Fio.  64. 


Siriee  the  rrirtional  resistjintfe  to  the  yacht's  motion  ia  nogligihle.  the  a| 
will  «mlinue  to  increase  so  long  aa  there  is  any  wind  pretwnro  on  ttic 
T}\Q  wind  will  press  on  the  sail  an  long  us  the  wind  goes  faater  in  a  direct 
peri»endirtihir  to  the,  5ail  than  tlip  sail  ia  going  in  the  same  direction,  i.e.,  unl 
the  eoniponcnt  of  the  velocity  rtf  the  wind  in  a  direetit)n  normalt-o  the 
ectuals  the  eonnM)nent  of  the  velocity  of  the  yacht  in  the  same  direction. 
When  thift  ocrura  a  particle  of  air  will  just  slide  along  the  sail  without  pi 
on  it.     Under  tliesu  oonditions, 

Vain  *=f  sin  $. 


Therefore,  if  there  is  no  n'tanling  force  due  to  fnction  between  the  ice 
runners,  the  s|>eed  of  tlic  yai^ht  will  bo 


V- 


vsin  ^ 
sin  ^  * 
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Hiifl  equatioii  shows  that  when  /3  is  less  than  <^,  the  speed  of  the  yacht  is 
leas  than  that  of  the  wind;  when  0  equals  <^,  the  speed  of  the  yacht  equals  that 
of  the  wind;  and  when  0  is  greater  than  ^,  the  speed  of  the  yacht  is  greater 
than  that  of  the  wind  which  propels  it. 

SI.  The  Water  Turbine. — ^An  interesting  application  of  the  composition  and 
resolution  of  linear  velocities  is  found  in  the  design  of  steam  and  water  turbines. 
In  one  fonn  of  water  turbine  the  rotating  member  or  "  runner  "  consists  of 
a  series  of  curved  blades  set  in  a  ring  attached  to  a  vertical  shaft,  and  receiv- 
ing water  at  all  points  in  its  periphery  from  the  mouths  of  a  concentric  cirrle 
of  paasages.  In  Fig.  55  are  represented  in  horizontal  section  an  inner 
runner  wheel  and  the  outer  stationary  guides  00  which  direct  the  water 
against  the  blades  of  the  runner.  The  whole  is  enclosed  in  a  ca.w  kept  filled 
with  water  under  pressure.     Water  passing  between   the  guides  is  directed 


Fio.  55. 
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against  the  blades  BB  of  the  rotating  runner  and,  escaping  into  the  axial 
space  of  the  runner,  falls  into  the  "  tail  race." 

If,  on  striking  a  blade,  the  direction  of  a  stream  of  water  be  suddenly 
changed,  a  turbulent  eddy  will  be  set  up  and  a  waste  of  energy  will  be  pro- 
duced. In  order  that  there  may  be  no  waste  of  energy  due  to  u  sudden  change 
in  the  direction  of  the  stream  flowing  from  the  guides  to  the  runner  blades, 
the  direction  off  the  velocity  of  the  water  entering  the  runner,  relative  to  the 
outer  edge  of  the  runner,  should  be  tangent  to  the  runner  blades.  Conse- 
quently, if  the  absolute  linear  velocity  of  the  outer  edge  of  the  nmner  be  ,Vr, 
and  the  absolute  velocity  of  the  water  entering  the  runner  be  eVw,  the  direc- 
tion of  the  runner  blade  where  the  water  enters  must  be  tangent  to  ftlV  as 
given  by  the  parallelogram  in  Fig.  56. 

Again,  <m  leaving  the  runner,  the  velocity  of  the  water  relative  to  the 
inner  edge  ol  the  nmner  should  be  tangent  to  the  blade.  And  in  order  that 
tbe  WBter  may  muUly  escape  from  the  axial  space,  the  direction  of  the  abaoluta 
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vdocity  of  the  water  leaving  the  runner  shotilil  be  radial.  Conflcquently,  if 
the  absolute  linear  velocity  of  the  inner  edge  of  the  runner  bCmVR  and  the 
absolute  vel<»city  of  the  escapinK  water  lie  fV^f,  the  direction  of  the  runner 
blade  where  the  water  le^ives  iniwt  be  tangent  to  RV^tt  ««  given  by  the  parallelo- 
gniiu  of  veliM'itit^  in  the  figure.  From  these  considerations  the  proper  shape 
to  be  given  to  tlio  runner  bludes  ean  be  determined. 

Solved  Fhoblku 

Problem. — An  aviator  wishes  t^n  travel  in  a  line  30"  south  of  eaat  with  an 
aeroplane  of  speed  70  miles  per  hour  in  a  wind  blowing  from  the  northeast 
with  a  8|>eed  of  20  milos  per  hour.  Kind  the  direction  in  which  he  mu*it  point 
the  machine. 

H*iLrTioN. — In  Fig.  "f7,  the  hue  fK\  n^preftent«  the  direetton  of  the 
velocity  of  the  aeropUinc  relative  to  the  earth.     Tho  line  OB  represents 
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directioD  and  in  magnitude  the  component  velocity,  due  to  the  wind,  of  the 
aeroplane  relative  to  the  earth.  The  problem  gives  the  magnitude  of  the 
component  velocity  of  the  aeroplane  relative  to  the  earth  due  to  the  motor, 
but  nut  the  direction. 

With  the  plaints  of  a  pair  of  dividers  separated  by  a  diatanoc  represent 
70  milcH  i>er  hour,  place  one  point  at  B  and  cut  the  line  OX  with  the  other 
at  C.  Oompletc  the  parallelogram  liaving  the  sides  OB  and  BC  Then 
gives  the  direction  an<l  the  magnitutle  of  tlie  velocity  of  the  aeroplane  relatii 
to  the  earth  due  to  the  motor,  which,  when  rompo>inde<l  with  the  velocil 
OB  of  the  aeroplane  relative  to  the  earth  due  to  the  wind,  will  give  ti  result 
in  the  direction  OX.  The  angle  NOA  gives  the  require<l  direct  i<jn. 
value  of  this  angle  can  be  obtained  from  the  Bgure  by  ordinary  trtgonomet 
methods. 
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QrESTIONft 

A  batUeship  is  moving  with  luiifonn  velocity  pantlM  to  the  Hhore. 
By  lueftcu  of  .1  dia^cram  ahow  huw  this  velocity  afTccta  the  uiming  of  a  gun  on 
ship  at  a  target  od  sbore- 

3.  In  the  caae  of  the  driving  wheel  of  a  lororaotive,  show  that  for  an 
infttAnt  one  point  is  moving  twice  a&  fnst  as  the  locomotive  and  in  the  same 
din»otion.     What  point  is  this?     To  what  is  the  motion  referred? 

3.  A  ntan  in  a  boat  is  lieing  rowed  across  a  river  at  a  uniform  rate,  and  at 
the  same  time  i»  carried  dowit  ttie  etrean^  by  the  current.  iSh^jw  by  a  diagram 
how  he  «*ould  direct  a  ball  to  he  thrown  to  a  man  on  the  hank  directly  in  front 
ol  the  boatv 

4.  A  man  riding  due  north  feels  a  wind  from  the  northeast.  If  lie  rides 
due  south  at  the  same  speed  the  wind  appears  to  come  from  the  southeast, 
what  is  the  true  direction  of  the  wind?     Explain  w^ith  diagrams. 

5.  A  gimner  on  a  moving  shii>  divirra  to  fire  a  shell  al  a  distnnt  fixed  point. 
Wlial  data  tdiould  be  known  in  order  to  avoid  mining  tho  mark? 

ft.  By  meAns  of  diagrams,  explain  how  a  gim  must  he  tiimed  when  the 
gun  is  (al,  at  rest,  and  the  target  moving;  [^),  moving,  antl  tin?  larget  at  rent. 
(Motion  along  line  of  sight  is  excluded.) 

T.  Eixplain  by  means  of  a  diagram  why  a  person  walking  rapidly  in  rain 
that  ie  doceiidiDg  vertically  holds  his  umbrella  somewhat  in  fruut. 

'  S  2.    Uniform  Angztlar  Motion 

52.  Measurement  of  Angles. — In  ordinary  life  the  unit  of 
anpilar  infusurcinent  Ls  arbitrarily  taken  as  one  ninetieth  part  of 
u  riKht  angle.  This  unit  is  callecl  llie  degree.  In  Feientific  work  a 
uaic  of  angular  measurement  called  the  mdian  is  frequently  em- 
ploye-d.  The  radian  Is  the  plane  angle  snhtended  at  the  center 
of  a  circle  by  an  arc  equal  tt»  the  radius  of  the  eirclc. 

Thus,  if  AB  (Fig.  58).  w  half  as  long  as  the 
nuliiis,  ii>  if3  one-half  of  a  radian,  and  whatever 
the  length  of  AB, 

"^'OA 
Agaiiii  from  the  definition, 


^. 


radians. 


Fio.  58. 


36ir 


'    =  —  radians   =  2r  radians. 


(23) 


1  radian  = 


360; 
2ir 


=  37°.29578  =  57n7'44.8' 
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inilnidian 
irtillfrisi 


Ono  t.houMatuJMi  of  ;i  radian  is  callod  a  iiiilradian,  (Jru 
equals  ^293  <^1  ^  circle,  verj'  nearly.  As  the  unit  ungk". 
use  the  rnr/.  which  equals  riW  of  »  circle. 

The   tnollu«l  of  measuring  plann  anjrlos  which  employs 
radian  its  tlie  unit  is  eallei^]  riri'iilar  measure. 

When  the  angle  tp  is  small, 


AC 

OA 


AB 
OA' 


Consequently  for  i?niall  angles 

sin  ^  ^  0  radians. 
For  example, 

2«  =  0.0540  radian,  and  sin  2°  =  0.0349; 
4°  =  0.0698  radian,  and  sin  4°  =  0.0t)98; 
6° =0.1047  radian,  and  sin  6'*  =  0. 104.5; 
8°  =  0.Ki96  radian,  and  sin  8*'  =  0.1392. 

Polyedral  angles  arc  measured  in  a  similar  manner.  If 
sphei'c  of  any  ra<lius  be  constructed  with  the  apex  of  the  polycd 
angle  as  center^  the  ratio  of  the  are^  of  the  spherical  surface 
included  between  the  faces  of  the  polyedral  angle  to  the  square 
of  i\w  radiuB  of  the  s]>here  is  tnken  to  bo  the  measure  of  the  polye- 
dral angle.  When  the  radius  of  the  sphere  is  unity,  and  the  area 
of  the  included  spheiical  surface  m  unity,  the  |x>lywiral  angle  13 
unity.  The  unit  polyedral  angle  is  called  the  -stcraiiian  or 
radintu 

63.  Angular  Velocity. — ^A  displacement  of  a  bmly  such  that 

|x>ints  of  the  IkkIv  dcscrilx'  coaxial  circular  arcs 

is   calKnl   rolation.     The  axis  of  rotation  may 

piiss  through  the  body  or  it  may    be    ou<^side 

of  the  body.     In  rotation  all  lines  perpendicular 

to  the   axis  of  rotation  sweep  through  ct^ual 

Fio.  59.  anglo?  in  rqiial  times.     T^t  XX'  (Fig.  .50)  be 

line  fixetl  in  space,  ami  let  PO  be  a  line  fixed 

the  Ixxly  (XTpendicular  to  the  axis  of  rotation  passing  through  0. 

The  rate  of  change  of  the  angle  X'OP  is  called  the  angular  velodiy 


at  al^ 
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of  the  body  about  the  assigned  axis.  The  angular  spoed  of  the 
body  is  the  magnitude  of  the  rate  of  change  of  the  angle  X'Ol* 
vithout  reference  to  the  axis  about  which  rotation  occurs.  Thus, 
if  w  represents  the  angular  speinl  of  Uic  body, 


iP=T-  radiunn  per  seeond. 


(24) 


I 


I 


Angular  speed  may  be  measured  in  radians  per  second,  degrees 
per  second,  revolutions  per  minute,  etc. 

A  uniform  angular  velocity  is  one  having  constant  angular 
speed  ii»  a  fi\t*d  direction  about  an  invariablr  axis. 

54.  Representation  of  Angular  Velocity. — Three  quantities  are 
required  to  specify  completely  an  angular  velocity — the  angular 
speed,  the  direxrtion  of  the  axis  about  which  rotation  occurs,  and 
the  sense  of  rotation,  i.e.,  clockwise  or  counterclockwise.  An 
angular  velocity  can  be  completely  represented  by  a  straight  line 
whijse  magnitude  is  proportional  to  the  angular  speed,  and  whose 
direction  is  parallel  to  the  axis  of  rotation. 

Thus,  the  line  AB^  three  units  long,  inclined  as  in  the  figure, 
represents  an  angular  velocity  of  three  radians 
per  second  about  an  axis  parallel  to  AB.  The 
sense  of  the  rotation  is  indicated  by  the  db^ction 
of  the  Arrowhead.  The  arrowhead  is  so  plnced  that 
on  looking  along  the  axis  in  the  direction  of  the 
arrow,  the  rotation  is  clockwise. 

66.  Instantaneous  Axis    of  Rotation. — The  fixed 
which  rotation  occurs  is  called  the  axis  of  rotation. 
however,  this  axis  is  fixed  for  but  a  very  short  time;  it  is  then 
called  the  instantaneous  axis  of  rotation. 


Fui.  GO. 

axis  about 
Sometimes, 


If  A  wagon  axle  be  lifted  ofT  the  ^ruimd  uiid  the  wheel  set  iu  rotation,  the 
of  mCation  with  refcren**  to  both  the  rairth  and  the  wagon  will  bp  per- 
manent and  at  the  center  of  the  uxle.  If,  however,  the  wheel  n>lls  nloat;  the 
graanil,  thia  axis  will  not  bi^  at  reAt  with  reference  to  the  earth,  hut  will  remain 
reat  with  respect  to  Uie  wagon.  If  the  wheel  is  rolling  along  the  ground 
>ut  sliding,  the  point  in  contact  with  the  ground  is  instaut^ineuusly  at 
With  ngpect  to  the  ground.  Therefore  the  instantaneous  axifl  of  rotation 
raped  to  the  ground  ii  at  the  poiut  in  contact  with  the  ground.     U 
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Hh 


must  J>e  n'lnfinltervl  lliat  ut  every  succeeding  instant  this  poiiil  is  n  difFw 
part  of  the  whool. 

56.  Composition  of  Angular  Velocities.  —  It  will  now  be  she 
that   two  siitiultanoous   instiuitaiioous   angular  velocities,   alx) 
UXL'>;  that  meet  in  a  point,  van  be  t'oiiiiMHiiuleti  in  a  niaiiuer  sini 
to  that  in  which  two  linear  velocities  are  compounded.     Let 
p       _  and  (Xi    (Fig.  01)   Ik*   tw4»  uxi*s   alxiut    which 

body  rotates  at  the  siuno  time  with  the  resjn'cti 
angular  speeds  Wi  and  uj^,  ami  in  tlie  directioi 
indicated  in  the  figure.     From  any  pinnt  C  erec 
lin<?s   CD   and  CE   |H'r[H»ndiinilar  reniKH'tively 
the  two  axes  OP  and  OQ.     Denote  CD  and 
re-spectively  by  ri  and  ro. 
Fig.  61.  Due  to  the  single  angular  velocity  tf»i,  the 

CD  woidd  rotate,  about  OP  as  an  axis,  in  such 
direction  that  the  point  C  would  be  depresseil  Inflow  the  plane  of 
the  paper.     Denoting  the  angle  swept  through  by  the  Une  CQ 
in  time  t  by  the  symbol  ^i,  we  have 


UJi  = 


<^i 


Denoting  by  3;  the  distana;  traveled  by  the  jioint  C  while 
sweeps  through  the  at»gle  <^i,  we  have 


Consecjuently, 


xi^<tnri~wirit 


Again,  due  to  the  single  angular  velocity  W2,  the  Une  CE  ^ 
rotate  about  OQ  a.s  an  axis,  in  such  a  direction  that  the  point  C 
would  be  raised  above  the  plane  of  the  pai>er.  Denoting  the 
angle  .swept  through  by  CE  in  time  t  by  the  symbol  02,  and  the 
corre8|x)nding  distance  traveled  by  the  point  C  by  a^a,  we  find  in 
the  same  manner  as  above 


X2='W2r2f' 
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The  point  C  will  ho.  at  rest  throughout  the  time  /  if  it  is  raised 
by  cino  rotation  just  ius  nnirh  as  it  is  deprossetl  by  the  other,  i.e., 
if  Xi  =X2.  But  if  the  point  C  is  at  rest,  the  entire  line  OC  will  also 
Yye  at  rest;  that  is^  OC  is  the  direction  of  th(^  mxLs  of  the  r<*«ultant 
an^lar  velix*ity.  Consequently,  tlie  hne  OC  will  be  the  tlirec- 
tion  of  the  axis  of  the  re«ultant  angular  veloeity  of  wi  and  W2  if 

Wirit—W2r2tt 


that  is,  if 


W2    n' 


(25) 


The  eondition  requu-ed  by  this  equation  is  easily  determined. 
From  C  draw  Unes  CB  and  CA  parallel  to  the  axes  of  W\  and  Wn, 
respeeiivelv-  The  area  of  the  parallelogram  OACB,  thus  con- 
structed, is 

{OA)r,^(OB)n. 


WbuuM 


OA 
OB 


(26) 


From  (25)  and  (26)  it  is  seen  that  the  condition  that  the  line  OC 
shall  lx»  the  direetiou  of  the  axis  of  the  re-tiultaiit  angular  velocity 
of  wi  and  w^  is  that 

OA^m 

OB     w-i 

It  has  now  been  proved  that  if  the  Unes  OA  and  OB  are  pro- 
portional to  the  angular  velocities  about  those  axes,  then  the  diag- 
of  tlie  parallelogram  of  which  these  are  contiguous  sides  is  the 

of  the  resuItAnt  velocity.  It  remains  to  show  that  the  length 
of  this  diagntial  is  proportional  to  the  magnitude  of  the  resultant 
angular  velocity. 

Draw  Qli  perpendicular  to  OP,  Since  Q  is  on  the  axis  of  «)2, 
the  dist&nce  traveled  by  Q  in  time  t  is 

U  tlie  remiltant  angular  velocity  of  the  body  about  OC  be  denoted 
by  u,  we  have  also  for  the  distance  traveled  by  (^  in  time  t^  the 
value 

wi(CE\. 


64 


MOTION   OF   A    nonv   UNDER   ZERO   FORCE 


Since  l-hese  two  <listances  are  the  same, 

Wxt{QH)=wi(CE) 

With  0  as  a  center  and  OC  as  a  radius  tJescribe  the  arc  PQ. 
Since  OC  =  OQ  and  C0E  =  ACO,  and  QOl!  =  \m^-OAC, 

CE_  jOC)  sin  COE  ^  sin  A  CO  _  OA 

Qlf  ~  (OQ)  sin  QOU  "  sin  0.4  C'OC        '      ' 


From  (27)  and  (28), 


w 


OA 
OC 


Sitnilarly,  by  drawing  PJ  and  CD^  it  is  found  that 


(29) 


4 


Taken  together,  (29)  and  (30)  show  that  if  lengths  proportional  to 
the  respective  angular  velocities  alxnit  them  be  measured  off  on 
the  cotnpouent  and  resultant  axes,  the  lines  so  deterniineil  will  be 
the  sides  and  diagonal  of  a  parallelogram.  ^| 

It  has  now  been  prove<i  that  if  a  parallelogram  be  artistruct^^^ 
on  two  mtdigitotis  lines  represenii^xg  two  sifnuUan^oiis  in-ttUinUmeous 
angular  velocities  about  concurrent  axes,  the  diagonal  of  the  paralUUh- 
gram  vnll  represetit  completely  the  resultant  angular  velocity. 


m 


A  familiar  illitfitration   of  the  composilioii 

angulfLf  velocities   ia  the  rase  of  the  ordinary  t. 

spinuing   about   its  gcumctric  axis.     Usually  this 

axis  w  not  vortical.     I^pt   the  line  AO   (Fig.  62) 

represout  the  any;iilar  velocity  of  the  top  ii1x>ut  \{6 

geomelric  axis  at  any  given  instant.     Due  tn  (he 

weight   of  the   top   there  ia  another  eorn|x>nent 

atiguUir    velocity    BU^    about    a    horizon tul 

passing  through  the  peg.     The  r#*.xiiltant   angtil 

Fia.  02.  velocity  is  represcnt«d  by  the  line  CO,     Thua 

geometric  axis  of  the  top   lias   iiinved   from 

position    AO  to   the   jiosition    CO.     As   the    two   wini)onent  angular  v 

cities  conliruiR    to   move,    their   resultant   will    rotate   in   U»e   direcUon 

the  curved  arrow. 


I 
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NoTK — It  tOMy  nut  lx>  »m(iM  lu  hprr  kIvp  a  warning  to  thi*  atudrnt  iu  th«*  uap  of  rrctora 
A  f<ecCar  ■  »  mathp  nut  Ural  roDceptiun  whirh  is  c^mjilpToly  apc^rifipd  by  inaKnitudi-  anil 
dirwtkDn.  Any  quaotlty  which  \s  complutply  specified  by  magnitude  and  Hirprlinn  ran  be 
mmw  mill  by  a  wecor.  Rut  mmpDunding  two  vertora  aofJ  rompnunding  the  two  qiian- 
titj^  which  the  Tectora  reprracnt  arc  two  entirely  tUatinct  u|ierati<>iia.  The  cunipound- 
inc  o'  IwD  vectors  ia  a  matter  of  definition.  By  definition,  the  auin  of  two  vectors  is  the 
diacoBsJ  of  th«  pa>rancIocra.m  found  on  the  two  vrctors  m»  sided.  Hut  whrther  thi*  now 
vector,  which  by  definitJuo  is  the  aum  of  the  two  ciVRn  vecton,  also  represents  the  phystral 
qnaacity  which  ■  the  rwultaai  or  the  two  Kivvn  physical  quaniitles  is  somsthinR  whieb  has 
(o  ba  (roved  for  cmch  cIslh  of  phyiicsl  quantity. 

Two  (orees  sctio^  either  eimuJt&ncously  or  in  succrseioa  can  be  compounded  by  the 
tmrftOelocram  law  with  the  same  result.  The  same  ia  true  of  linear  vvloeitiaioecurTing  either 
•Jxnultsikcoualy  or  in  suceesaion. 

Two  »multsoeotu  angtilar  velocities  can  be  eompounded  by  the  p«ndlelocrmni  l*w.  But 
the  resull&Dt  of  two  ukcular  velocities  oecurring  in  succcmon  may  not  be  in  the  mtnie  plane 
as  the  cvmpooent  velocities,  and  the  resuKaut  may  be  different  if  the  order  of  aucrcMion  \w 
cbaaced  This  is  a  caite  in  whirh  the  parallHogram  law  docs  not  apply  The  psrollrlngmtn 
law  applies  to  the  case  of  two  Buci?ea«ivr;  angular  velocitiee  only  if  the  sanie  point  of  thr  body 
rduaJOB  at  reMt   whirhfvcr  Im*  tlu>  order  of  Mf<|i(cnrc 


57.  The  Relation  between  Angular  and  Linear  Speed.— In 
Fig.  59  itiiagine  the  Ixxly  to  rotatr  iil><)ut  0  with  iiri  anjiiiiiir  spsrd 
w.  Then  any  point  P,  fixe<:i  in  the  bcxiy,  will  move  in  the  cinuiii- 
ference  of  a  circle  of  radius  r  with  a  linear  speed  v.  Denoting  the 
distance  GP  passed  over  in  time  (  by  x, 


f = 


If  the  angle  passed  over  by  PO  in  time  t  be  called  4», 


_  ^  _  r  _  (  _  t' 


(31) 


\Mience,  the  angular  speed  of  a  IxhIv  ia  nntneriially  oqmil  to  the 
hnear  speed  of  any  rotating  ix*irit  of  the  body  dividcMl  l>y  the 
distance  of  this  point  from  the  axis  of  rotation. 


QvKxnoyn 

1.   I8  ihr  Angular  spocd  of  a  point  at  the  top  of  a  moving  wagun  wheel 

lUfr  with  referi'iKv  lo  the  wagon  bed  or  to  the  earth?     With  reference  to 

0  its  hniMii'  i*p«^  the  greater?     Answer  the  jwme  qiieflliniis  o<inrerning 

a  point  half-way  from  the  axle  to  the  ground,  and  give  proof  for  earh  of  the 

four 
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3.  A  clock  stands  on  a  shelf  on  the  north  wall  of  a  room.  Explain  clearly 
how  the  angular  velocity  of  its  hands  can  be  represented  by  straight  lines. 
Find  the  numbers  which  specify  the  lengths  and  state  the  directions  of  these 
lines. 

3.  Lay  your  watch  down  on  the  chair  arm  with  the  face  up  and  state 
accurately  how  the  angular  velocities  of  the  three  hands  will  be  represented. 
Give  numerical  values  of  the  angular  speed  in  each  case. 

4.  Does  the  arm  of  a  rocking  chair  in  use  rotate  about  a  fixed  axis? 

6.  An  automobile  is  rounding  a  -curve  of  constant  radius  at  10  miles  per 
hour.  Which  of  the  following  quantities  are  constant?  Linear  speed,  linear 
velocity,  angular  speed,  angular  velocity. 

6.  Is  angular  speed  or  angular  velocity  constant  in  the  following  cases' 
(o)  The  wheel  of  a  car  rounding  a  curve  of  uniform  radius;  (b)  the  ^^-wobA 
of  a  statiouary  engine  after  the  steam  has  been  cut  off;  (c)  the  hands  of  atlodL 
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CHAPTER  V 


THE  MOTION   OF  A  BODY  UNDER  THE  ACTION  OF  A 
CONSTANT  FORCE 

S  1.  Uniformly  Accelerated  Ldnear  Motion 

58.  Acceleration  Produced  by  a  Uniform  Force  Acting  in 
the  Direction  of  Motion. — When  a  force  avtsi  upon  a  body,  either 
the  direction  or  the  magnitude  of  the  botiy's  motion  will  tend 
to  chanRP  during  the  time  the  foree  acts.  If  the  velocity  chaiigeaj 
either  in  ilireetion  or  in  maRnitmle,  it  is  said  to  be  accelerated. 
When  the  velocity  of  a  body  Is  aceeleratetl,  the  instantaneous 
velocity  at  any  point  of  the  path  has  the  direction  in  wliich  the 
body  18  moving  at  the  chosen  instant,  and  is  given  in  magnitude 

ih#  distance  the  l)ody  would  move  in  one  second  if  from  the 
point  onward  the  velocity  were  to  remain  vmiform.  If  the 
velocity  of  a  body  changes,  the  ratio  of  tlie  change  in  the  linear 
velocity  to  tlie  time  (M^cupitnl  in  protiucing  the  change  is  called 
the  liftettr  acceleration  of  the  f)ody's  motion  in  the  direction  of 
the  change.  Or,  mon^  briefly,  hnear  aeeelenitjon  is  the  time  rate 
of  ehange  of  linear  velocity.  Thus,  if  the  velocity  changes  uni- 
fonnly  fn>m  p,  to  Vt  during  the  time  i,  the  magnitude  of  the  accel- 
eration a  is 


a= 


(32) 


The  direction  of  the  acceleration  is  the  direction  in  which  the 
velocity  changes.  The  direction  may  be  different  from  that  in 
which  the  body  moves. 

This  equation  showB  that  the  unit  of  lineur  acceleration  is  unit 

change  of  linear  speed  in  unit  time.     The  magnitude  of  the  unit 

of  linear  acceleration  used  in  science  is  the  change  in  sjjeed  of  one 

centimetfT  per  second  in  one  second ;  in  engineering,  the  magnitude 

hglially  employed  in  English-speaking  countries  is  the  change  in 

E II 
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speed  of  one  foot  per  second  m  one  second,  or  a  change  in  speed 
one  mile  p«'r  liotu*  iu  one  second. 

If  the  speed  diminishes  with  time,  tho  accelenition  is  said 
be  negative.     A  negative  acceleration  is  often  termed  a  decelera- 
tion or  retardation. 

Non-uiiiform  or  accelerated  velocity  in  the  direction  of  motion  is  well  illua-^^ 
tinted  by  a  hcfl\'y  ball  rolling  down  (or  ti)>)  nn  iru-linc<l  jtlanc.  Tbc  ap|>aratd^H 
slutwn  in  Kig.  ()3  fousisl*  of  :i  Rroov^d  plunk  al^iul  2()  ft.  long  hnvinK  at  it^^ 
iippnr  end  a  devire  for  start ing  the  ball  at  any  desired  iiislAnt,  and  having  along 
tlie  lonKtli  of  (be  ^rouve  u  t^vrkv  of  incandf'^cent  lamps  that  fliwth  up,  one  aftc^H 
the  other,  at  one  second  in(cr\'ul3.  Siiimltanoously  with  the  release  of  the  ^^fll^| 
at  the  tJip  of  the  iu<'line,  the  lamp  O  (l.-i.'ihes  np,  imc  •«*<'ond  later  the  lamp  1 
Raahcs  up,  two  sixx>nd8  after  the  ball  Mtartji  Uh*  lamp  2  llasiics  up,  aud  so  ua. 


Fiu.  fi3, 

The  positional  of  (he  lamps  iilonit  the  Kroovf*d  plank  ran  be  adjuatwl  so  that 
rollioK  t>all  will  be  c\n<lly  in  front  of  ciich  lamp  at  the  iuRtJint  it  flashes. 
distance  between  any  two  coasecutive  lamps  will  then  be  the  dlstAnce  travi 
by  the  ball  durinR  the  rorreaiKmHing  secorul  of  time. 

In  a  partiruliir  trinl.  the  ball  traveled  1  ft.  durini?  the  first  second.  3  ft. 
durini?  the  aecimd  e(|ual  interval  of  time,  5  ft.  during  the  third  second.  7  ft. 
durinfi;  the  fourth  second.  Since  unequal  diptances  were  traversed  during 
equal  intervals  of  time.  Ihe  velocity  was  not  coiistant,  but  accelerated.  Sim 
the  si)eed  inrreai»ed  with  time,  the  acceleration  was  poeitive. 

Frtim  (32>.  if  the  s|>eed  of  a  body  changes  from  ub  to  fj  during  the  1 
the  mean  acceleration  during  this  interval  is 


In  order  to  determine,  by  mcaiis  nl  this  equation,  the  nuLpiitudc  of  the 
lilWAr  arcHoration  **i  iKc  hall's  tnnf  ion  tluriiiK  thin  iiit^^n'ul,  it  wiJI  W'  tti.-<-t'!!(sitry 
to  know  the  in^tantnncoua  s|hk.hj  uf  tliu  bull  nt  the  boginning  and  end  of  the 
int<TV4l.  The  in^tantancoibt  i-]yced  of  ft  btxiy  at  any  in»tunl  is  nunicrir-»lly 
fQU>l  tu  the  (Ust^nro  that  would  be  travorsnd  in  one  second,  if  from  that 
ij^^Ant  the  afHM-'d  were  to  be  uiiifomi.  Since  there  ii»  no  horijiont-al  com- 
ponent of  the  weight  of  a  body,  the  law  of  innrtia  .^howa  that  a  body  nioviuK 
atong  a  smooth  buhiont-al  Fitrfacc,  and  unacted  itftun  by  an.v  force  ejccept  it« 
vc%ht,  will  move  with  a  velocity  constant  both  in  direclion  and  uuignitude. 
ConseqiieDtly,  if  the  ball  be  intercepted  at  uiiy  [M)int  of  its  path  down  the 
iociincd  plaak  by  a  homontal  track,  the  inHtantnntHXus  sipetfl  of  the  bidl 
At  the  ftiven  point  win  easily  be  detcnnine*!.  In  the  present  ap|iarHtU!!i  this 
is  acouni|»li2tb<!d  by  means  c)f  a  ({roov«l  wcdKe-Hhn|>(Ml  plunk.  In  Fig.  (>4  tliis  is 
in  iHKtition  for  finding  the  inntuntaueous  spetxl  of  the  ball  at  the  end  of 
firut  !i*finnd  after  starliuR  frora  rest. 


Fio.  ft4. 


Wlien  the  wwlge  was  in  this  i>o.sition,  the  ball  travelwl  along  the  hori- 
aOBtel  grv>oved  pliink  2  ft.  in  one  second.  When  the  aeuti*  angii'  of  the  wtnlge 
WBB  placed  nt  the  positions  reached  by  the  ball  in  it,s  motion  down  the  incline 
ftt  the  wid  of  the  aectmd,  third,  and  fourth  secoutls,  the  iiiter«?epted  ball  was 
found  to  travel  on  thchorijiontal  track  in  one  second,  4,  ti,  and  S  ft.  respectively. 
Whence,  the  iw^trnitaneoua  speeds  of  the  ball  down  the  inrlined  plank  at  the 
end  of  l\\t'.  first,  second,  third  and  fourth  seconds  were  n-six^ctively  2,  4,  6 
and  8  ft.  per  sen.njd.  It  thus  appears  that  during  any  one-second  interval 
of  tiuw  ti»e  speed  rhaiignd  2  ft.  per  second,  or  tht-re  was  a  c<»nstant  accelera- 
tion down  the  plank  of  2  ft.  jier  second  in  one  second.  These  results  may  be 
wransed  a*  in  the  table  on  the  following  page. 

If  inslcmd  of  Iwing  straight,  the  upi^er  edge  of  the  incliniMl  phink  had  been 
of  a  curvrd  fonn.  the  a<*crleration  of  the  ball's  motitui  would  not  have  Kc*en 
uniforoi.  I>(»eiuling  uimju  the  inclination  of  the  gnH>ve,  the  oeeelemtioD 
i^MQ^^g^jggl^gpi  negative  at  different  instunts  of  time. 
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Time, 

HeconJs. 


Total  Dist&nce, 
Feet. 


Velocity  at  End  of 

Earl)  Spcoml, 

Ft.  iw»rscr.  U*iwnwur<l. 


Acceleration, 

Ft,  i>er  8ec.  per  sec. 

Downward. 

0 
2 
2 


It  is  one  of  the  fundament^il  principles  oC  clynamicfi  (Art, 
rimved  from  cxjH'ntMuni  and  4'xtx'riini'iit,  tluU  vvlivri  !i  (nrvv  arts 
upon  a  body,  the  direction  of  i\\v  iU'whrnintu  is  that  of  the  force, 
and  the  magnitude  of  the  accelenition  is  proix>rt iona!  to  that  of 
the  force.  From  this  prinripk*  it  follows  that  if  a  eonstant  foi 
be  apphed  to  a  ImhIv  a  uniform  acceleration  will  he  prochieeil: 
the  force  constantly  increases,  the  acceleration  will  constani 
inrrrJi.s<!  :^'^4?<HorSri>  >.,.  "v  small,  the  neceleratioii  will  be  v« 
aftUr^.  tlie  motion  of  the  Iha^V  will  Iw^  nearly  uniform. 

A  uniform  or  an  instantaneous  linear  acceleration  is  eomplej 
describerl  when  ImjUi  its  direction  and  its  magnitude  are  speeifi! 
Consequently,  a  linear  acceleration  can  be  completely  represent! 
by  a  straight  line.     Linear  accelerations  can  Iw  coiniwunded  and 
resolved  by  the  same  mctluifis  used  for  forces  and  linear  velocities. 

69.  Acceleration  Due  to  Gravity. — Newton,  Galileo,  and  others 
iittve  proven  pxiJerimenlally  that,  at  any  iK)int  f>f  the  ejirth  terres- 
trial {cavitation  imparts  to  all  Ufdies  espial  accelerations,  but  that 
at  different  places  it  imparts  to  tlie  same  bmly  different  accelera- 
tions. The  acceleration  due  to  gravity  depends  ui>on  the  distance 
of  the  place  from  the  center  of  the  earth  and  from  the  axis  of  the 
earth.  t^)gether  vnth  such  local  conditions  as  the  presence  of  mot 
tains,  large  deposits*  of  luptals,  etc.  At  sea  level,  at  the  equat 
the  acceleration  due  to  gravity  is  978  cm.  per  second  poT  secoi 
(32.09  ft.  per  second  per  second),  while  at  the  pole  it  is  983  ci 
per  second  per  second  (32.26  ft.  per  second  per  second), 
acceleration  due  to  gravity  is  usually  represented  by 
symbol  g. 
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Fio.  65. 


A  body  on  the  inclinerl  piano  i4  /?  is  under  the  influence  of  the 
force  of  gravity  vertically  downward.     If  the  ac<vk'ration  in  the 
ilireetiun  of  this  ftjrce  i)e  calletl  ff,  the  component  parallel  to  a 
plane  inclined  at  the  angle  <f>  with  the  hori- 
zon ifi  directed  down  the  plane  and  luw  th<i 
value  g  sin  ^. 

If  a  body  starting  at  A  with  a  certain 
initial  velocity  were  to  ascend  the  Brn<^w)th 
plane  AB^  its  velocity  would  experience 
an  acceleration  in  the  direction  of  tht 
motion  equal  to  g  sin  0. 

As  iff  diminishes,  the  magnitude  of  this  retardation  decreaseH, 
until  in  the  limit  when  0  =  1),  the  retardation  is  zem.  Conse- 
quently, if  there  were  no  friction  or  othor  resistance,  a  Fnjdy 
would  move  along  a  level  surface  with  a  uniform  Sfjeed.  This  is 
in  agreement  with  (he  first  l;iw  of  nuiti(»n. 

60.  Distance  Traveled  by  a  Body  Moving  with  Uniform 
Linear  Acceleration. — If  a  uniform  force  acta  upon  a  body  in  the 
direi'tion  of  its  m(»tion,  the  speed  of  (he  body  will  change  at  a  uni- 
form rate,  but  the  direction  of  motion  will  remain  unaltered. 

Howsoever  the  velocity  of  a  Ixxly  may  change  durinji;  a  given 
time,  there  must  he  a  certain  equivalent  velocity  with  which  a 
I  uniformly  moving  body  would  traverse  the  same  distance  in  the 
^  same  time.  In  the  case  of  a  uniformly  accelerate<l  Tuotion,  the 
cqiiivale-nt  uniform  velocity  equals  the  arithmetic  mean  of  the 
instantaneous  velocities  at  the  beginning  and  end  of  the  time  con- 
fiidennl.  (h,  if  during  a  time  t  the  velocity  changes  at  a  uni- 
form rale  from  r,  to  P(,  then  the  equivalent  velo(^ity  during  this 
interval  is 

The  distance  x  traveled  during  the  time  i  by  a  body  whose 
velocity  during  that  time  changes  uniforndy  from  i\i  to  Vt  Is 

xl-=vA]^^(vf}-i>o)t (33) 

the  use  of  (32)  and  (33)  a  large  class  of  {jroblems  in  uniformly 
^lerated  linear  motion  can  be  solved. 
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61.  Acceleration  produced  by  a  Uniform  Force  acting  Perpen 
dicuiarly   to   the   Direction  of  Motion. — vSinoc    the   acceleration 
pnxlueed  is  always  in  the  direction  of  the  applied  foree,  if  a  fo 
acts  U[x>n  a  body  in  a  line  perpc*ndieular  to  the  direction  of 
motion,  the  gjx^ed  of  the  body  will  remain  unaltxTed.     An  acce 
ation  perpendicular  to  the  direction  of  the  motion  signifies  that 
the  path  of  the  body  is  changed  by  the  force.     In  the  following 
article  it  is  proved  that  when  a  body  is  acted  upon  by  a  force  of 
constant  niajjnitiiHe  whose  line  of  action  is  always  in  the  same 
plane  and  always  per|>endicular  to  the  direction  of  the  motion, 
(1)  the  speed  of  the  body  does  rt4)t  change,  (2)  (he  }xUh  of  the  body  u 
a  circle,  (3)  the  body  is  moving  with  a  lineai'  acceleration  which  is 
always  direcied  ttyward  the  center  of  the  circlej  and  (4)  the  magfut 
of  this  radial  accrleraiion  is  constant  and  equal  to  the  square  of 
linear  speed  of  the  body  divided  by  the  radium  of  its  path. 

The  converse  of  this  proposition  may  be  stated  as  folio 
Whenever  a  body  woifcs  with  c^m-stanf.  »peed  in  the  circumference  of 
a  circle,  there  is  acting  upon  the  body  at  cilery  point  of  its  path  a/c/r^H 
directed   toward   the   center.     This  force   proiluces   on   aceeleratiei^^ 
directed  toward  the  center  of  the  cirailar  pa/A,  equal  to  Oie  square  of 
the  linear  tpeed  of  the  body  divided  by  the  radius  of  its  path.  ^1 

62. — The  above  facts  ma^^ 


i  IS 


I 


Fig.  LMj. 

ing    in    a   direction    hb'.     At    ^i 
bB  perpendicular  to  66'  and  in 


l>e  dediured  as  foilowa.  Con- 
sider a  body  which  at  some 
given  instant  is  at  a  (Fip;.  66),, 
moving  in  the  direction 
and  acted  u|M)n  by  a  fo 
which  has  the  direction 
iwrpendicular  to  aa^  and 
the  filane  of  the  paper.  This 
force  will  cause  llie  l»ody  to 
change  the  direction  of  its 
motion  so  that  after  a  short 
time  interval  /  the  l>ody  w 
\w  at  some  point  b  and  mo 
(he  foree  acts  in  the  directi' 
the  plane  of  the  paper.     Afi 
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^e  equal  intervals  /,  the  body  will  he  sucessively  at  c,  d, 
uoviiig  in  directions  cc'j  (kl\  e€\  etc.,  and  the  force  will  be 
acting  successively  along  cC^  dD^  eE^  etc.  Since  the  body  is 
moving  with  uniform  spee<l,  the  lengtlm  of  the  curvtnl  path  in 
which  it  moves  during  the  successive  equal  intervals  i  are  equal. 
That  is 

arc  {ah)  =arc  (5c)  =  arc  (cd)  =etc.  .  (34) 

Moreover,  since  the  force  acting  \b  constant  in  magnitude,  the 
changes  in  direction  which  it  produces  dunng  ef|ual  time  intervals 
are  «(]ual.     That  is 

Za=  /^=  /7=ct.c (35) 

Equations  (IM)  and  (35),  taken  together,  show  that  the  points  a, 
6.  r,  etc.,  are  on  a  line  of  constant  curvature. 

Now  it  Ls  shown  in  pure  mathematics  thnt  the  only  plane  curve 
tif  constant  curvatrje  is  the  circle.  Consequently,  the  points 
a,  b,  c,  etc.,  are  all  in  the  rirtnimfcrcncc  of  a  circle.  In  the  limit 
when  /  is  indefinitely  small,  a,  t»,  c,  etc.,  are  consecutive  ]>i>ints  in 
the  circumference  of  a  circle.  Therefore,  a  body  anted  upon  by  a 
fonre  always  perpendicular  to  the  direction  of  motion  atui  always 
in  the  same  plane,  de.scrilx\s  the  circuiiirrreiici^  of  il  ('irch\  The 
acceleration  of  the  body's  motion  is  directed  toward  the  center  of 
the  circular  path. 

'ilie  magnitude  of  this  acceleration  will  now  be  determined. 
{A*i  the  iKHJy  move  witli  uniform  speed  v  in  a  circle  of  radius  r 
and  renter  O,  Fig.  07.  Assume  that  in  the  j^hort  interval  of  time  t 
the  body  has  traversed  the  distance  be.     Then,  (22), 

arc  (be)  =  vt (36) 

FVom  a  point  P,  Fig.  08,  draw  PB  and  PC  representing  in  direc- 
tion and  magnitude  the  velocity  of  the  body  when  in  the  positions  b 
and  e  respeetiveJy,  From  the  principle  of  the  compiHsition  of  veloc- 
ities it  follows  that  the  line  BC represents,  in  direction  and  in  mag- 
nitude, the  change  in  the  velocity  of  the  body  during  the  time  t. 
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Whence,   if   the   acceleration    perpendicular    to   the   motion 
denoted  by  a',  we  shall  liave  (32), 

iBC)^a*t (3; 

Dividing  each  member  of  (37)  by  the  corresponding  member  of  (36) 

(50       a' 


arc  (be)     v 


a 


Fia-  67. 


/^^ 


Fio.  68. 


^B 


But    in   the   limit,    when   I  is  indefinitely  amall,   bOc  and  B. 
are  similar  triangles.     Hence, 

{BO   _(PB)_P 

(06)      r 


arc  (6c) 

From  (38)  and  (39)  it  is  seen  that  the  acceleration  of  a  body 
movinji;  with  const-ant  si^eetl  and  actoil  upon  by  a  force  alwaj 
perpendicular  to  the  direction  of  its  motion  is 

''       (. 


a  =—. 


SOLVEO  PnoBLHMS 

PnoBLKM. — When  running  nt  45  mile?*  ]K>r  hour  the  hrnkea  are  npptiod  to 
au  clcctrii!  car  with  such  lorw  113  t<>  pmduoe  in  the  tiKJtJnii  of  Iho  car  a  uniform 
Bccchifatioii  t>f  —4.35  ft.  perMyonil  in  u  second.  Ii<iw  fur  will  the  car  go  before 
cuiuing  to  rest?     How  long  a  time  will  it  take  to  bring  tiiR  i-nr  to  rost? 

Solution. — Since  the  acceleration  of  the  car  is  uuifonn,  we  niay  Apply 

(32)  and  (;i3).     A  «[>eed  of  4o  miles  per  hour  is  a  speed  of  *-V«V(r^ 

per  second.     This  is  the  initial  speed  of  the  car.     When  it  has  come  io 

its  s|>eed  is  zero.     On  fliibHtituting  in  (32)  and  (33)  these  values  and  the  gi^ 

value  of  tliG  acceleration,  we  obtain 

0-66 
-4.36- . 


and 


x  =  J(0-f66)i. 
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These  »ie  two  simultaneoua  equations  which  involve  the  two  unknown 
quantitiea  z  and  t.    On  solving  for  these  quantities,  we  obtain 

and 

x=-500ft. 

Problem. — A  cannon  is  fired  horizontally  and  the  ball  strikes  the  ground 
at  a  point  11  meters  below  the  level  from  which  it  is  fired  and  450  meters 
distant.  If  the  only  force  acting  upon  the  ball  is  its  weight,  what  must  have 
been  the  miusile  velocity? 

SonmoN. — From  the  principle  of  the  independence  of  forces  (Art.  11), 
the  downward  acceleration  produced  by  the  weight  of  the  ball  is  the  same  as 
if  the  ball  were  not  at  the  same  time  moving  forward.  Since  the  weight  of 
the  ball  acts  directly  downward,  the  horizontal  component  of  the  velocity 
of  the  ball  does  not  change.  The  problem  resolves  itself  then  into  two: 
First,  how  long  does  it  take  a  body,  starting  with  no  downward  nor  upward 
motion,  to  fall  11  meters?  Second,  if  in  this  time  a  body  which  moves  with 
uniform  horixontal  speed  covers  450  meters,  what  is  this  horizontal  speed? 

To  solve  the  first  problem  substitute  in  (32)  and  (33)  the  given  values. 
Thus 

980=-^, 

ttud 

1100«i(«'(+0)<. 

On  eliminating  t^  from  these. equations,  and  solving  for  t,  we  obtain 

<=-1.6sec. 
Since  the  ball  covers  450  meters  in  1.5  seconds,  its  horizontal  speed  is 

450 
v=-r—  —300  meters  per  second. 
1.5 

§2.  The  Motion  of  Projectiles 

63.  The  Velocity  of  a  Projectile  in  Vacuum. — Consider  a  body- 
fired  with  initial  velocity  vo  in  a  direction  inclined  to  the  horizontal 
at  an  angle  ^  to  be  acted  upon  by  no  force  except  its  weight. 
The  boruontal  component  of  the  initial  velocity  has  the  value, 

Vg^vo  cos  ^.    .....     .    (^V\ 
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As  the  force  has  zero  componc*nt  in  the  horizontal  dii-et'tion,  tl 

velocity  Ls  constant. 

Tho  vcrtiml    tH.irn|H»nenl    t»f  the   initial  velocity   is  Vo  sin 

upwiird.     But  there  is  a  constanl  forn*  in  the  vertical  directi< 

which  produces  a  constant  accel- 
enition  {7,  downward.     In  time 
the   change   of  velocity   will 
giy  downward.     Consequently,  at 
time  U    the  vertical    componeni 
of   tlie  velocity  upward  has  t! 
value, 


Ptci.  S9. 


v^  —  vo  am  0—1 


(4: 


The  actual  velocity,  at  any  time  /  after  projection,  is  obtained 
by  compounding  these  two  rectangular  components.    Thus, 
magnitude,  v^  of  the  actual  velocity  is 


Vt 


V(iV)  cos  *)*-h(»o  sin  <t>~gt)^. 


1 


If  the  direction  of  the  actual  velocity  at  time  i  be  incUned 
to  the  horizontal  at  an  angle  6, 


tan  e  — 


vn  sin  4>  —  gt 

Vo  sin  0 


J 


r 


64.  The  Range  of  a  Projectile  in  Vacuum.— The  distance 
between  the  i>oint  of  projection  and  the  jxiint  of  impact  ifi  called 
the  ra^ige.  fl 

If  no  force  acts  upcjn  the  projectile  except  ii»  weight,  ther^^ 
will  he  no  change  of  velocity  in  the  horizontal  direction.     Since 
in  uniform  motion,  the  distance  traveled  equals  the  product  ^fl 
the  speed  anil  the  time,  it  follows  that  at  time  (,  the  horizont^^ 
distance  of  the  projectile  froni  the  |M>int  of  pmjection  is,  (41), 


J*|  =  *'^|  =  r',>e<»s0-/ ( 


1 


In  the  vertical  direction  there  is  a  eonstant  force  which  pn> 
duces  a  constant  acceleration.     lu  the  preceding  article  it  is  sho 


inow^_ 
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W.  in  time  t  the  vertical  component  of  the  velocity  trhauges  from 
sin  ^  to  {v,t  sin  0  —gl).  And  aince  in  iniifonnly  a('<;elerate<i 
motion,  the  displacement  equals  the  product  of  the  average  veloc- 
ity and  the  time,  it  follows  that  at  time  t  the  vertical  distance  of 
the  projectile  from  the  point  of  projection  is 


2/=i(tibsin  0-f-tJosin  tt>—gt)t=t\i  sin  ^-f— J^^. 


(46) 


■  The  range  on  the  horizontal  plane  which  passes  through  the 
I  point  of  projection  is  given  by  the  vahio  of  x*  in  thr 

■  1^22)  and   (41)], 

I  z'l^M'l^i'ocosi^-i', (47) 

where  t'  Ls  the  time  from  the  moment  the  projectile  left  the  gun 
till  it  strikes  the  ground.  This  time  of  flight  will  now  be  determined 
and  then  substituted  in  the  above  eciuation. 

When  the  pi*ojectile  reaches  the  horizontal  plane  tl^rough  tlie 
point  of  projection,  y=0.  Hence,  the  time  of  flight  is  the  value 
of  /  given  by  (46)  when  y^O.    That  is, 


0~vo  sin  4>A'-^  gt*^. 


Whence,  the  time  of  Bight  is 


<'« 


2^0  sin  0 
9 


(48) 


On  BuVjetituting  this  value  in  (47).  the  horizontal  range  is  found 
to  be 

2iH?  sin  0  cos  ^     i\?  sin  2^ 


x'  = 


17 


(49) 


An  inspection  of  this  e<iuation  shows  thai  since  i\i  aiid  g  are 
constant  quantities,  the  range  is  greatest  when  sin  2<^  is  greatest; 
that  is,  when  sin  2*=  I,  or  20  =  90°.  Consequently,  if  the  air 
introduced  no  opposing  force,  the  horizontal  range  would  be 
greatest  when  tlu^  elevation  <>f  the  gun  is  45°. 
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66,  The  Maximum  Height  reached  by  a  Projectile  in  Vacui 

— At  the  hi^fiost   jHiiitt  hi  llie  p.itti  *t\  a  pntjertilo,  the  verti< 
component  of  the  velocity  equals  zero.    At  this  point,  (42)  becoi 

O^vo  sin  4»—gt. 

Hence  the  time  required  to  reach  the  raaxiinutn  height  is 

VQsin  <^ 


i  = 


On  substituting  this  vahie  of  t  in  (46),  we  have  for  the  maximum 
heigiit  n-arlied  by  :i  project  ih^  unop|>o8ed  by  air  resistance, 

,          .       v\j  sin  1^     I  t\?  sin^  0, 
y'^Dtosm  0 — ^ 


f 


I 


66.  The   Shape   of   the  Trajectory   in  Vacuum. — The   path 

described  bj'  a  prrgcctile  is  calleil  the  trajeciory.     If  the  velocity  oli 
ii   pnijectile   be  great,   the   rdr  will  offer  considerable  resistant 
to  its  moiion.     If  the  projetrtile  rise  to  a  gi^at  heij^hi,  the  wei( 
will  not  l>e  constant.     Under  these  conrlitions  the  exact  shai>e 
the  trajectory  cannot  ije  deterniineib     But  if  a  body  projec 
in  any  direction  \io  acted  U|win  by  no  force  except  it,s  weight,  and 
if  the  wfiKlit  bi!  constant,  the  shape  of  the  trajectory  can  re^idily  b^H 
deUMiiiined.  ^ 

In  Art.  03  it  is  shown  that  if  a  pi-ojectile  \yc.  fired  in  air-free 
space  with  initial  velocity  i\t  at  an  angle  0  to  the  horizont-al.  the 
horizontal  coiijponent  of  the  velocity  will  have  the  con.stant  value, 
(41),  Vt  —  tio  cos  it>.  Wlienee,  the  horizontal  displacement  from  the 
starting  point  at  time  /,  is 


x  =  t\}CO&il>*t (: 


1 


Under  the  same  tondilifms,  the  vertical  displacement  from  the 
starting  point  at  time  t  in,  (40), 


y  =  VQsm4f't-igf.     ,      .     .     .     .     0 
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theste  two  equations  can  bo  found  the  coordinates  of  a 
points  reaclMxI  by  the  prtijrrtile  at  varioiiH  instants  of 
le  after  starting.     The  curve  drawn  tlirough  these  pointa  is 
the  truje4't-or>'  of  the  projectile. 

Combining  (*52)  and  (53)  by  elinunatiiig  /,  an  equation  is 
obtained  which  coordinates  sinmllaneous  vertirtd  and  horizontal 
displucemeuts.     Thus,  the  equation  of  tlie  trajectory  is 

"-(-21^4?^)'^+^^'^"  *>-      ...     (54) 

mee  tlie  (iHantiti»»s  within   the  parentheses  arc  constants,   the 
equation  may  be  written  in  tltc  form 


p 


This  is  the  equation  of  a  paralx^la  with  axis  vertical  and  the 
directrix  through  the  vertex.     Tlie  fact  tliiit  lht»  coefficient  of  ji^ 
is  negative  means  that  the  parabola  is  concave  <iownward. 
The    trajectories,   in 


co; 


um,  of  a  projectile 
.ving  a  gun  with  the 
nine  muzzle  velocity 
anil  at  varir^ns  itnules  of 
elevation  are  ^»lio\vn  in 
Fig.   70. 

The  plane  of  the 
tra}ector>%  called  also 
the  phrui  of  fire,  is  the 
vertical  plane  pacing 
through    the    axis    of    the    lM)re    of    the    gun. 

67,  The  Effect  of  Air  Resistance  on  the  Motion  of  a  Projec- 
tile.—In  the  preceding  articles  the  effect  of  air  resistance  has  l>een 
negiected.  On  account  of  air  resistance  the  trajectory  is  not  a 
pnrahohi,  and  the  range  an<i  height  attanied  are  not  so  great  as 
they  would  be  in  vacuum.  In  Fig.  71  the  lower  curve  represents 
the  traje<^tory  in  air  of  a  projectile  fired  from  a  3-inch  gun  at  range 


Fio.  70. 
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5000  yards,  and  the  upper  curve  represents  the  trajectory  in 
vacuum  for  the  same  muzzle  velocity  and  angle  of  elevation. 

Air  resistance  depends  upon  the  shape,  diameter,  mass  and 
velocity  of  the  projectile,  and  up>on  the  density  of  the  air.  The 
density  of  air  depends  upon  the  temperature,  barometric  pressure 
and  humidity.    The  eflfects  of  these  various  factors  can  be  deter- 


27U 


JOOO  3TS0 
Ranve  tn  yardt 
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mined  only  by  long  series  of  experiments  for  each  model  of  pro- 
jectile. By  means  of  tables  embodying  the  results  of  such  experi- 
ments, artillery  officers  are  able  to  point  a  gun  so  as  to  correct  for 
the  effect  of  air  resistance. 

68.  Axle  of  the  Gun  not  Horizontal. — To  give  a  gun  such  an 
angle  of  elevation  that  the  trajectory  of  the  projectile  will  intersect 
the  target,  a  "  sight  "  is  used.  The  simplest  type  of  sight  con- 
sists of  a  fixed  metal  point  attached  near  the  muzzle,  together 
with  another  point  situated  near  the  breech  and  capable  of  being 
moved  toward  and  away  from  the  axis  of  the  barrel.  In  modem 
artillery,  however,  the  sight  in  general  use  consists  of  a  special 
form  of  telescope. 


Fki.  72. 


The  sight  is  so  designed  that  when  it  is  set  for  the  known  range 
of  the  target,  and  the  gun  is  rotated  about  a  horizontal  axis  till  a 
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straight  line  tliroiigh  the  sight  passes  through  the  target,  the 
trajwtory  of  the  projectile  will  intersect'  the  target.  Fig.  72  repre- 
senin  a  vertical  and  a  horizon (a1  view  of  the  trajectory  relative 
to  the  line  of  sight  wlien  the  axle  of  the  gun  is  horizontal. 

If,  however,  the  axle  about  which  the  gun  is  rot,at<Ki  be  not 
horizontal,  the  line  of  sight  will  not  be  in  the  plane  of  the  trajec- 
t^r>%  jis  illustrated  in  Fig.  73.     For  example,  if  one  wheel  of  a 


Fit^.  73. 


giin  be  higher  than  the  other,  the  projectile  will  strike  to  the  side 
of  the  target  towanl  the  lower  wheel. 

Sights  are  raafle  whirh  can  be  given  such  a  lateral  displace- 
it  that  the  departure  due  to  the  iuclination  of  the  axle  is  cor- 
rected. 

§  3,     Systems  of  Units 

69.  Mass, — Matter  has  been  already  defined  as  aii>^hing 
which  possew^cs  inertia.  Matter  has  another  distinguishing  char- 
ttrteri.sli<\  If  an  iron  rod  be  moved  from  the  equator  to  the  pole 
of  the  earth,  or  be  carried  from  the  bottom  of  a  mine  to  the  top 
of  n  mountain,  it  will  l>e  found  that  its  weight  and  some  other  of 
its  physical  qualities  will  be  altered,  but  during  these  changes 
of  p<»«ition  there  is  one  quality  that  does  not  change.  If  the  iron 
nxl  1*0  distorted,  electrified,  heated,  or  magnetized,  its  energy,  its 
voluujo,  tuul  certain  other  qiiaiili(«  will  lie  modifiefl,  but  during 
all  of  these  changes  there  is  one  quality  that  remains  unclianged. 
If  it  Im;  dissolved  in  an  acid,  it  will  disapjK'ar  as  metallic  iron  and 
be  transformoti  ixiUi  an  entirely  diJTerent  suljstancc.  Still,  during 
this  tninsfonrwition  there  is  one  thing  that  dties  not  change.  That 
■     ■  '  ivariable.  however  the  position  of  a  body  may  be 

<r  its  mechanical,  electrical,  thermal,  or  magnetic 


j4ir  ii<nvcvcr  its  chemical  constitution  may 
ni  of  mutter  in  llif  IwKjy. 
My**»r*k  A(tf*cU*ri«Ml  by  three  properties,  (a)  Matter  can 
^  HHMlMt  WMMd  <H>r  dcsimyed.  Tills  its  called  the  Principle 
^  %^ f^MMMrMttult  i4  Matter.  (6)  Between  two  portions  of 
lf»  ?%lift-ay»  a  force  urging;  them  toward  one  another. 
MMSA^^  {n4*rtia. 

>*MkMMMHlt  of  inuttiT  in  a  body  is  calted  the  mass  of  the  body. 
^  vviM*  WMl^v  b«»  otmipared  in  terms  of  their  inertije.  The  inertise 
>  .^s  %\Uv,  may  Im'  coniptin^  iu  ternus  of  the  accelerations  pro- 
.i",\\.  v->  <i  v\|Ual  fcirci'S  arc  ajiplicd  1o  th<?  botltes.  If  the  action  of 
%fpt\y«k  Kwv  ujxui  each  of  two  Ixidies  B\  and  2^2  gives  to  them  the 
tl4fW44\v  tHH^'lera(i<>ns  a  and  tui,  then  the  inertia  of  ^i  Is  said 
^t^K/t  i(  |M«*>*  iiH  ^n»at  lii^  that  of  B^.  That  i.s,  the  inertite  of  two 
Kit^'vi  Atv  taken  to  be  invt^rsely  proportional  to  the  linear  accelera- 
^x^Htuced  by  the  application  of  equal  forces.  Hence,  the 
%4  ihc  rntuwes  of  two  bodies  equals  the  inverse  ratio  of  the 
if  ^^oet^lerationn  pnwluccd  by  the  application  of  equal  forces. 
X\w*  unit  of  nwiKs  is  arbitrarily  taken  ia  l>e  either  the  mass 
*!*  twlAin  piece  of  metal  doixisited  in  the  Office  of  the  Exchequer 
^  U\t)don,  or  the  mass  of  another  piece  of  metal  preserved  in 
VivluvcH  of  Paris.  The  mass  of  the  first  is  called  one  pound, 
%\  \{w  unu^-K  of  the  second  Ls  called  one  kilogram. 

In  wientific  work,  the  thousandth  part  of  llie  kilogram  is  the 
M  of  innHS  usually  employed.  This  is  called  the  ^mm.  It 
t»riji;uially  iutendotl  that  the  gram  shimld  be  the  mass  of  one 
OHhir  ocntunetcr  of  water  at  its  temperature  of  maximum  dcn- 
ly»  i.e.,  at  4""  C.  or  39.2°  F.  The  material  {Standard  in  Paris  dwa 
exartly  rcali7,c  this  intention,  but  the  <leparture  is  so  slight 
ihat  it  Is  quite  neRllKible  except  in  the  niost  rcfineil  work. 

70.  Comparison  of  Masses. — Masses  can  l>c  compared  in  a 

>ty  of  ways.     For  instance,  the  masses  of  two  bodies  can  be 

ipared  by  determining  the  ratio  of  the  Lnear  accelerations 

luced  in  their  motion  by  the  application  of  etjual  forces.     The 

litude  of  this  force  need  not  Ix^  knfiwn. 

Consider  two  bodies  A  and  B  (Fig.  74)  through  which  paaees 

TOooth  rod  capable  of  rotation  in  a  horizontal  plane  b^'  means  of 
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the  verticiil  spindle  C.     Let  the  two  bodies  be  connected  by 
a  U(tht  cord.     When  the  apparatus  ih  rotatetl,  .4  and  B  will  tend  . 
to  move  uway  from  the  axis  of  rotation.     A  pasition  can  be 
found,   however,    at    which   they    will 
n*maln    iu    equilibrium, — that    is,    at 
which   the    forces   acting   on    the    two 
bodiftt  due  to  tJie  rotation  are  equal. 

Since  the  two  bodies  arc  acted  upon 
by  i-quut  forces,  it  follows,  fnnn  the 
previous  article,  that  the  a(;(^elerations 

of  I  he  two  Ixxiies  are  inversely  proportional  to  their  masses. 
That  is,  if  the  masses  of  .4  and  li  be  dcnnte<i  by  wi  and  ma,  and 
their  liue-ar  accelerations  by  a'l,  and  a'2,  respectively, 

ma    a'l' 


Fiu.  74. 


If  the  apparatus  makes  n  revolutions  per  second,  the  body 
tat  a  distance  ri  from  the  axLs  of  rotutinn  will  have  some  nnifnrm 
ir  speed  t'l,  so  tliut  the  acceleration  uf  *1  toward  the  axis  of 
rotation  ia,  (40), 

tr|2     (2irr,n)« 


«.  =  -  = 


4ir'r,7/,^. 


ri 


In  the  same  manner,  t!ie  value  of  the  linear  acceleration  of  the 
ho<iv  a  due  to  the  rotation  in 


Consequently, 


a  2  =  —  = ~  =4irV2n  < 

ra  rj 


msL    a'l  J     ri' 


(55) 


Whence,  the  inasses  of  two  Ixxlies  eun  be  compared  in  terms  of 
two  accclcrationSi  or  in  terms  of  two  more  easily  measured  dis- 
tufices. 

There  are  other  methods  of  comparing  masses  that  offer  less 
rimcntal  difficulty  than  the  one  just  described,  but  this  one 
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has  been  given  in  order  to  show  that  the  essential  nature  of  mass 
is  quite  distinct  from  thut  of  fon-e,  and  that  niiisses  can  be  com- 
pared without  any  knowledge  regarding  the  magnitude  of  an] 
foive. 

71.  The  Absolute  Units  of  Force- — Tlie  units  of  force  eniployi 
in  this  courst'  thus  far  have  been  the  weights  of  certain  arbitrarily 
selected  bothes  wlien  at  definite  places  on  the  earth's  surface  (Art. 
2).     Since  the  weight  of  a  body  doeti  not  change  greatly  when  it  i^_ 
moved  from  one  place  on  the  earth's  surface  to  another,  thei^| 
gravitational  units  of  force,  such  as  the  p<iund  weight  and  the  kilo- 
gram weight,  are  gencnilly  use<l  roughly  as  the  weiglit  of  a  mass  of 
one  pound  or  of  one  kilogram  at  any  plae«.     This  is  convenient 
and  s!ifficientlv  accurate  for  the  requirements  of  engineering  and 
ordinary  life,  but  for  scientilic  work  it  is  necessary  to  have  a  unit^ 
that  is  absolutely  constant.  ■ 

The  absolute  unit  of  force  is  based  on  the  relation  between  force 
and  the  acceleration  that  it  produces  in  a  body*8  motion.  From 
Newton *8  second  law  of  motion,  when  a  force  acts  ujwn  a  body, 
an  ttccelenii ifui  is  prntiuccd  tn  the  line  of  action  of  (he  force,  of  u 
magnitude  directly  pro|x>rtionaI  to  the  apphed  force.     That  is,. 


aozF. 


Xu  Art.  69  we  have  seen  tliat  if  e<]ual  funics  act  upon  two  bodi 

the  uccelcralions  pniduccd  are  inversely  pr4>p<irtional  to  the  masses 

of  the  bodies.     That   is, 

1 
aoc  — . 

70 


J 


Since  no  factor  except  force  and  mass  afTects  the  acceleration 
body's  motion,  it  follows  that* 

F 


o  =  fc,- 


m 


or 


p.    33. 


F=k{ma), 


U  A  vuieB  iomUy  m  if  ftul  C.  then  A  <-*ilC.**— HaU  wid  Knishl,  "  Higlier  Aliebrk, 
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where  Ik  is  a  constant  of  proportionality  the  valuo  of  which  depends 
only  upon  the  units  adopted  for  F,  m,  and  a. 

It  is  cuatoiuan*  to  ch<x).s(»  siieh  uiiils  U)t  t\  n/,  aud  a  that  the 
[Vplue  of  k  shall  be  unity.    This  can  Ix?  done  Ijy  selecting  arbitrarily 
anew  unit  for  some  one  of  the  three  quantities  b\  m,  and  a,  and  wo 
flelecting  this  new  unit  that 

F  =  nia (57) 

One  vay  of  doing  this  is  to  use  the  gjani  as  the  unit  for  mass, 
the  centimeter  per  second  in  a  second  as  the  unit  for  aoccloration, 
and  to  choose  as  a  new  unit  of  force,  that  force  whieh  if  it  wei-e 
to  art  upon  a  mass  of  one  gram  would  impart  to  it  an  acceleration 
of  one  centimeter  per  secorul  in  a  secon*!.  Tliia  unit  of  force  is 
called  a  rfj/n^.     We  consequently  have  the  relation 

dynes  =  (grams)  (cm.  per  sen.  in  a  sec). 

Similarly,  if  we  give  the  name  pouruial  to  tliat  force  which 
if  it  were  to  act  upon  a  rna«?  of  one  jxiund  would  j^roduce  in  it  an 
acceleration  of  one  foot  i>er  second  in  a  second,  we  have 

poundals—  (pounds)  (ft.  \>qv  sec.  in  a  sec). 

It  is  to  he  notet!  that  a  dyne  may  act  upon  some  other  mass 
quite  as  well  as  upon  a  gi'am.  If  it  uc(s  upon  a  lary;er  mans,  it 
produces  an  acceleration  that  is  less  than  one  centimeter  per 
second  in*a  second;  if  it  acts  upon  a  smalhn  ma^  the  accelera- 
tion  is  greater.     A  similar  statement  applic^s   to   the   poundal. 

The  relations  between  the  absolute  and  the  giavitational  units 
of  force  are  easily  obtained.  One  pi*am  ts  pulled  toward  the  earth 
with  a  force  called  one  gram  weight.  At  a  j^laee  wlieie  the  accel- 
eration due  to  gravity  is  980  cm.  per  sec.  per  sec,  one  gram  weight 
would  impart  to  one  gram  an  acceleration  of  980  cm.  (x^r  sec.  per 
sec.  A  dyne  is  the  force  which  would  impart  to  one  gram  an  accel- 
eration ^  one  cm.  per  sec.  per  sec.  Therefore,  at  the  given  place^ 
one  gram  weight  equals  980  dynes.* 

*  A  ottc-eent  pie««  wnicha  K)>out  Ihre*  granw.     It  a  ikmU|«  ilwnp  bn  cut  into  45  eqiuU 
iwrta.  «Mh  p«ri  «riU  weigh  very  uearly  od«  dynr. 


iH 


{ 
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foot  per  sec.  per  sec.     Therefore,  at  the  given  place,  one  pount 


One  pound  is  pullpfl  tnw!jrrl  fhf  cjirth  wit^h  a  force  called  one 
pound  weight.  At  a  place  where  the  acceleration  due  to  gravity 
is  32. 1  feet  per  sen.  per  sec,  one  pound  weiglit  would  impart  to  on 
pound  an  accoloration  of  32.1  feet  ix*r  sec.  p(T  sec.  A  p^uindal  Ls 
the  force  which  would  impart  t^  one  pound  an  accelemlion  of  om 
foot  per  sec.  per  sec.  There 
weight   equals  82.1   poinulalH 

In  all  of  our  probkun  work,  unless  otherwise  directed,  we  shall, 
take 

1  gram    weight  =  980  dynes 

1  peuind  weight  =  ;^2.1  ]H>nndals. 

It  should  be  kept  in  mind  that  thoj^r*  multiplying  fact^>rs  are  n< 
accelerations.     The,^'  are  pure  nundx^rs.     They  are  tlie  rati<w 
the  magnitude.^  of  the  gram  w«Mght  Ui  the  dyne,  and  of  the  pound 
weight  Ui  the  {M)umlal,  re«iH>ctivoly.  ^^ 

The  gram  weight  and  the  pound  weight  are  called  gravitationi^H 
units  of  force.     The  dyne  and  the  p<Mmdal  are  called  al:»solut<^  or 
kinetic  imit-s  of  force.     The  unit  of  force  employed  by  Engltslj^^ 
speaking  engineers  is  the  pound  weight.     That  employed  by  Cort^f 
tinental  engineers  is  the  kilogriim  weight.     In  science  the  dyne  is 
usually  employed,  although  the  result  is  sometimes  expressed  in 
grams  weight.     The  poundal  is  seldom  used. 


tSoLVBD   Problem 


I 


Problem, — What  is  the  force  eqiial  to  the  weight  of  a  kilogram  at  a  place 
where  a  IxKly,  starting  from  rcs^t,  falls  freely  through  44.19  meters  in  throt^H 
BOGondfl?  ^1 

Solution. — The  required  force  is  fpvon  by  the  equation,  F^ma,     Frtnn 

(32)  and  (33)  we  finil  that  i(  a  body  RUuting  rrom  rest  rnovoH  through  a  vlia-^. 

Unoe  X  in  time  t  with  eonstant  acceleration,  the  vahie  of  thiu  aecelcratior 

2x 
o^^Jq-    CousequenUy,  the  foroe  of  gravity  acting  upon  a  kilogram  mas 

the  given  place  is 


2mx 


2X1000X4419 
9 


982000  cJviios. 


72.  The  Gravitational  or  Engineering  Units  of  Mass. — Another 
way  of  making  k  in  (56)  unity  is  to  choose  as  the  unit  of  force  th 


inoH 


UNITS  OF  MASS  AND  FORCK 


87 


I 


nd  weight,  as  the  unit  of  acceleration  the  foot  per  sec.  in  a  sec, 
ana  as  the  unit  of  mass  that  mass  to  wliich  a  force  of  one  |X)und 
weight  would  impart  an  acceleration  t)f  one  foot  j>er  w^c.  in  a  sec. 
This  unit  of  mass  is  the  one  commonly  used  in  engineering  in 
English  speaking  countries  and  is  usually  called  the  Britiah  engine 
irriiuj  unit  nf  mass.     It  is  also  called  the  slu^. 

The  relation  between  the  iK>und  and  the  British  engineering 
tjnit  of  mass  is  readily  obtained  as  follows.  At  a  place  where 
the  aec^leratif)n  due  to  gravity  is  32.1  feet  per  sec.  per  sec,  one 
pound  weight  would  impart  to  a  mass  of  one  pound  an  accelera- 
tion 32.1  times  as  great  as  it  would  impart  to  one  British  ctigineer- 
ing  unit  of  mas.s.  Consociuently,  at  this  piirticulnr  place,  the  B.c.u. 
of  mass  is  32. 1  ix^unds. 

The  enfpncers  of  Continental  Eurofjc  employ  lus  the  unit  of 
mass  that  mass  to  which  will  be  ^iven  un  accelenition  of  one 
meter  j)or  sec.  per  sec.  by  the  applicatitJii  of  a  force  of  one  kilognun 
welgltt.  Now  at  a  place  where  (he  acceleration  due  to  gravity  is 
9.8  meters  per  sec.  per  sec,  one  kilogram  weight  would  impart 
to  a  imLSS  of  one  kilogram  an  acceleration  9.8  times  as  great  as 
it  would  impart  to  one  of  these  Continental  engineering  units  of 
mass.  Therefore,  at  tills  place,  this  Continental  unit  of  mass  is 
0.8  kilograms. 

In  problem  work,  unless  otherwise  directed,  we  shall  take 

1  British  engineering  unit  of  mass  =  32.1  pounds 
1  Continental         *'         "     "     "    =   9.8  kilograinn. 

It  should  l>e  noted  that  the  engiiteeriiig  unit  of  mass  is  variablei 
depending  ujxjn  the  value  of  the  acceleration  due  to  gi*avity  at  the 
pl.*ice  where  the  body  is  situated.  But  the  mass  itself  is  constant 
whatever  the  position  of  the  body.  Engineers  tlefine  mass  as  the 
ratio  of  the  weight  to  the  acceleration  due  to  gravity.  However 
the  acceleration  due  to  gravity  may  change,  the  weight  will  change 
proportjonally,   the  ratio  thereby  remaining  constant. 
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SOLVRD  Problems 

« 

Problem. — A  force  of  4  lb.  wt.  causes  a  curtain  mass  to  move  from 
through  18  ft.  in  three  Bcconds.     Find  the  mass. 

Solt:tion. — From  the  equation  F  =  mn  it  follows  that  a  body  which  receii 
ati   ac<*eleratii)n   «f  n  ft.  [>er  wo.  jht   sor.,  when   afted    ujion   by   ii    Force 
F  lb.  wt.,  has  a  moss,  expressed  in  British  engineering  units,  given  by  the 
equation 

P 


It  is  now  necessary  to  find  the  acceleration  from  the  data  of  the  problem. 
From  (32) 


From  (33),  J«i(i»t+'iSi)  t,  it  follows  that 

I8  =  (ir^)3    or    rv»12  ft.  per  sec 
12 


Whence 


rt-  — =4  ft.  pferaec.  per  sec.  and 


=  -  =  1  B.e.u.  of  mass. 
4 

Problem. — What  cortstunt  horizontal  force  i-s  re<juired  to  stop  in 
minut«  a  train  weighing  700  tons  and  running  at  40  miles  per  hour. 

SoLUTKJN.— A  body  of  7(K)  tons  weight  has  a  masa  of  7(X)x200fl  11 
700X2(X)0 


32  1 


Britiafi   engineering  units  iif  niu88.     Tu  change   the   vclocil 


of  this  moss  in  t  seconds  from  vt  ft.  per  second  to  iv  ft.  per  second,  requires 
a  force 


/i*l  =  mol  =  m| 


40X5280 


700X2000     3600 


32.1 


60 


lb.  wt. 


73.  Weight  Proportional  to  Mass, — The  weight  of  a  body 
the  force  exerted  upon  it  by  the  attraction  of  the  earth.     Denoting 


-M 


hy/i  and /a  the  weightu  of  two  bodies  of  masses  mi  and  mj,  we  have 
at  a  plarc  where  the  acceleration  due  to  gravitation  is  g. 


Whence, 


/i=m,(;and/a=tM2(/. 


Consequently,  at  any  assigned  point  on  the  earth,  the.  masses  oj 
two  bofiies  are  proportional  to  their  weights  at  that  ponU.  I'liis  law 
is  the  basis  of  the  ordinary  method  of  comparing  ina.s8e^  called 
weighing. 

TliF  orlinnry  beam  balance,  Fig.  75.  confiist^  of  iwo  Kcalc  paiiH  liuiifcfrom 
the end«  of  a  l>t--4km  supported  at  iU  miildlc  pfiinl  hy  n  knife  o<1rc.     If  tlic  scale 


Fio.  75. 

PAIM  are  of  equal  man,  aad  the  centers  of  mass  of  the  two  halvet  of  the  beam  are 
equally  tlwt&nt  from  the  aupporting  knife  edge,  the  unloaded  balance  will  be  in 
ilibrium.  When  masses  nii  and  nn  are  placed  on  the  two  pans,  the  bal- 
will  be  in  equilibrium  if  the  moments  of  the  weight.i  of  the  two  moaaea 
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are  equal.     Thus,  reiircArntlng  l>y  I  the  distance  from  tlie  middle  knife 
to  the  [X)itil  uf  aup|>url  uf  cither  bcuIu  pan, 

mi  =  ffit 

Corvfloqufntly,  if    tho   oonditinn    nf  rquilihriiitn   of  an    equal    arm 
balancr  is   mirhan(j;i'd  by  the   a<lditii>ii    of  twu  oiasst^  Ut  the   ptxws,  the 
masa<>fl  an*  i-qual      Thia  result  is  iddejM^adoiit  nf  the  valiio  of  the  a(*o^li 
tion  due  U)  i!,tu\ily  at  tlie  \>\tu:G  »f  ohacrvatifni. 

The  spring  balance  (xinHiHts  <if  a  spiral  spring  which  is  distorted  by- 
application  of  tt  force.     The  spring  balanrc  can  \tc  calibrated  by  noting 
elonKatioim  of  the  npriug  profiucod  by  a  series  of  dilTorent  ntaiidurd  mi 
But  since  the  elongation  of  the  8i>ring  la  due  to  tJic  weight  of  the  applied 
moss,  and  since  the  weight  of  a  body  dcpcnde  U|)on  the  acceleration  due 
gravity,  it  follows  timt  a  ajiring  balance  cidihrated  for  one  phice  on  (he  oai 
will  give  erruneoua  iudication£  at  any  place  where  the  acceleration  due 
gravity  is  different. 

74.  Change  of  Apparent  Weight  Due  to  Acceleration. — WTieni 

man  is  in  mi  (devjitor  wliick  is  cillior  asreinliriK  f>r  (l<'Hi'iKling  with 
uniforru  Hjxvd,  the  iMHiiittTai'litm  of  Ihi'  lidordii  the  mnii  {tjuiiIs  the 
man*a  wtnght.  Bui  if  the  elevator  is  ascentlinij  witlj  an  arooltrated 
niotinnj  it  ha.4  nrji  only  to  HUpjuirt  his  wciijht,  hut  nnist  also  impart- 
an  act'cltMatiou  to  his  motion.  In  this  ca-se,  the  counteraction  o£^j, 
the  floor  equals  the  man's  weight  just  as  b«»fore;  hut  in  siddition  t^| 
this,  the  floor  has  to  support  the  remticni  of  the  force  that  is  giving 
the  man  ihe  upward  aeceleration  of  the  eh'vaU)r.  If  the  iiia.ss  of 
the  man  be  m,  and  the  acceleration  due  to  gravity  l^e  g,  his  weight 
is  nig.  If  tiie  upward  aeceleration  fd  the  elevator  In*  Au,  then  the 
total  force  exerted  on  the  man  by  the  floor,  or  his  apjiarent  weight 

IB 

R  =  wg-\-mAu. 

If  the  man  were  suspended  hy  a  spring  balance,  the  balance  woi 
indicate  the  weight  given  alx)ve. 

If,  on  the  other  hand,  the  elevator  were  descending  with  a^^ 
acceleration  Aa,  then  the  man's  thrust  on  the  fl(x>r  would  be  l6^| 
than  his  weight  by  the  amount  necessary  to  impart  to  him  the 
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P  downward  acceleration  of  the  elevator.     Thus,  his  apparent  weight 
is  now 


i 


If  .4rf=g.  that  i«,  if  the  elevator  wei*e  falling  freely,  the  man 
would  exert  zeiTi  forro  on  the  floor  of  the  elevator. 

76.  Fundamental  and  Derived  Units. — Since  all  physical  phe- 
nomena arc  intiniat-ely  connected,  and  the  quantitative  rcladona 
between  them  can  be  definitely  fonnuIate<l,  it  has  been  found 
possible  to  select  a  small  number  of  elementary'  units  from  which 
all  the  other  unite!  required  for  meanurement  can  Ix^  obtained. 
The  units  solect-ed  to  form  the  basis  for  a  system  of  unites  are 
ciilled  fundamental  units.  A  unit  whose  magnitude  is  determined 
l>y  a  rt»latioii  existing  bt^tween  the  physical  quantity  to  he  nicjuHured 
and  quantities  which  are  to  Ijc  compared  in  terms  of  the  funda- 
mental units  adopt-ed,  is  calh^l  a  tten'ved  un'ii.  \i  is  iM)SHible  to 
ecleet  various  sets  of  fundamental  units.  Thus,  from  the  three 
unite  of  length,  nuuss,  and  time,  all  other  desired  units  can  be 
derived.*  Also,  the  units  requireil  for  all  physical  measurement 
can  be  deri^'cui  from  the  units  of  lengUi,  force  and  time. 

76.  The  Absolute  Systems  of  Units.— A  system  of  units 
U  employing  as  fundamental  uni(s,  those*  of  leng:t,h,  mass  and  time, 
H  being  independent  of  gravitational  force,  is  called  an  abaolute 
Btya^em  of  units.  If  the  fuiidanwMitrd  units  be  the  centinieter, 
Vgram  and  second,  the  system  is  called  the  C.  G,  S.  absolute  system. 
B  For  fieientific  work  this  system  is  employed  almost  universally. 
W  In  this  system  the  imit  of  force  is  the  dyne^  the  unit  of  energy 
'    ia  the  dyne-eentimeter  or  erg,  etc. 

If  the  fundamental  units  be  the  foot,  pound  and  second,  the 
H  Fystcfn  is  called  the  F.  P.  S.  absolute  syst^n.     The  derived  unit  of 
P  force  b*  railed  the  poundal,  the  unit  of  energ>*  Ls  called  the  foot^ 
poundal,  etc.     This  system  of  units  is  seldom  employed. 

77.  The  Engineering  Systems  of  Units. — In  engineering,  where 
are  more  often  considered  Uiaii  ina.^es,  it  is  convenient  to 
aa  fundamental  units  those  of  length,  force  and  time.     In  a 


ihutttfli  thht  vtrntBtneul  ta  really  lubieci  to  two  exenptioui,  it  is  acourBte  lo  far  ■■ 
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system  based  on  these  fundamentals,  the  unit  of  mass  is  a  deri^ 
quantity  and  is  defined  as  that  mass  which  will  Im?  given  ui 
acceleration  when  acted  upon  by  the  gmvitntinriHl  unit  of  foi 
Hence,  the  IcnKth-forrc-timc  systems  arc  called  gravitational 
engineering  systems  of  units. 

If  the  fundamental  units  lx»  the  foot,  pound  weight  and  the" 
second,  the  system  is  called  the  F.  P.  S.  gram'taiional  or  the  British 
engineering  ayslem  of  uniitt.  The  derived  unit  of  mass  is  about 
32.1  poundst  that  of  energy'  is  the  ff>ot-p(nuid,  etc. 

If  the  fumliuucntiil  units  be  the  meter,  the  kilogram  weight 
and  the  second,  the  system  is  called  the  M,  K.  5.  gravHational  or 
the  CorUinenial  engineering  system  of  units.  The  derived  unit  of 
mass  is  about  9.S  kilograms,  that  of  energ}'  is  the  kilogram-mel 
etc. 

SOLVBD    PrOBLEMA 


pROBt-EM. — Find  the  mnKnitude  of  the  constant  horiiontal  force  reqxrired 
to  stop,  in  500  ft.,  a  train  of  3(X)  tonfi  ruAss  running  at  4.5  miles  (>er  hour. 

Solution. — By  usinp  (32)  and  (33)  it  will  be  found  that  if  a  train  running 
45  miles  per  hour  is  brought  with  constant  acoeleration  to  a  stop  in  500  ft 
the  acceleration  is 

a=  —4.36  ft.  per  sec  in  a  ace. 

Thereforp,  from  (57).  the  force  required  to  import  to  the  train  thbi 
tiou  is  given  by  the  equation 


F[~ma\ 


300X2000 
32.1 


( -4.36)  =  -81,400  lb.  wt- 


The  n^^tivr  sign  mgnifieH  that  the  dirertion  of  the  force  is  opposite 
direction  of  motion. 

Pboblem. — A  mass  of  40  kg.  is  placed  on  a  plane  ineliucd  SO*'  to  the 
Kontal.  The  coefficient  of  kinetic  friction  is  0.3.  What  force  will  be  req 
to  give  the  btxly  an  arrelcration  of  3<MI  rm.  per  sec.  per  sec.  up  the  plane? 

Solution. — There  are  three  forces  acting  on  the  body  in  the  direotion 
the  plane.     They  arc,  (1)  the  force  f  up  the  plane  required  to  give  the  b« 
the  assigned  accclcmtion.  (2)  the  component  of  the  weight  of  the  body  down 
the  ploaei  (3)  the  friction  down  the  pUuc. 
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Rcpresmt<ng  ili«  iiirliiiAtinQ  of  the  plaue  by  ^>  and  the  weight  of  the  body 
by  W^,  ma  m  Fig.  7tJ.  we  find  the  component  of  the  weight  of  the  body  down 
Che  pkne  to  be  K*  sin  ^. 

Repccacnting  by  6  the  coefficient  of  kinetic  friction,  the  force  of  friction 
down   the  plr&ne  i?  given  by  the  expression  hFn,  (H). 
Or,  since,  from  Fig.  76.  tlie  normal  force  F»  —  W  coe  ^, 
ve  find  the  force  of  friction  down  the  plane  to  be  bW 
ooe#. 

Wbeooc,  calling  forces  in  the  direction  of  the 
atedention  positive,  we  have  the  sum  of  the  forces 
MtiacQii  the  body 


^- IT  sin  *-fcWco8  ^. 


Fia. 


But  the  resultant  force  acting  nn  a  body  in  any 
dirvctioa  equals  tbt^  product  uf  it«  nia^^  tind  it«  acoelemtion  in  that  direction. 
Gooaequently.  if  m  represents  the  mass  of  the  body,  and  a  itA  aocelcmtion. 

F  —  W  sin  ^— Mi*  cos  i^  =  ma. 

f^H'sin  *+6H''  cos  ^-^-ma. 

Ustns  CoDtinental  engineer's  unita,  we  have. 


r 


F  -  40(0.5)  +0.3(40)  (0.866)  + 
=42.62  kg.  wt. 


40X3 

9.8 


78.  Density  and  Specific  Gravity.— llie  dermty  of  a  substance 
is  the  ratio  of  it*  mass  to  its  volume.  The  number  which  expresses 
the  density  of  any  sul>stant*c  depends  upon  the  units  in  terms  of 
which  masB  and  volume  are  measuretl.  For  instance,  tho  dt*nsity 
of  copper  is  8.92  grams  per  cubic  centimeter,  or  557  pounds  per 
cubic  foot. 

The  relative  density,  or  specific  grnvily,  of  a  substance  Is  the 
ratio  of  its  density  to  the  density  of  some  standard  substance. 
In  other  words,  the  specific  ii^vity  of  a  body  is  the  ratio  of  its  mass 
to  the  nuiBS  of  an  equal  volume  of  a  standard  substance.  Specific 
gravity  is  an  abstract  nnml>pr  which  is  independent  of  the  units 
employed.  In  the  case  of  solids  and  liquids,  water  at  the  tem- 
perature of  it,s  maxiiiimn  dens«ity  (4**  C.  or  39.2"  F.)  is  arbitrarily 
taken  ae  the  8ul>«itance  with  which  the  densities  of  other  substances 
are  compared. 
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Since  the  pnini  is  tlu*  mass  of  one  nibir  centimetpr  of  wat< 
at  tiiL*  icriiptiraturo  of  its  iiuixiiiuiin  density,  it  follows  that  t! 
numJ^er  which  cxprej^es  the  density  of  a  substanre  in  granis  per 
cubic  centimetiT  Ls  the  same  number  which  expi-esscs  its  sj)ecii 
gravity. 

79.  The  Center  of  Mass. — If  a  body  or  system  of  lx>dics 
conceived  to  be  divided  into  i>ariicles  of  equnl  mass,  then  thai 
point  whosi'  di.stanee  fn^ni  any  given  piano  is  e([ual  to  the  average 
distance  from  that  plane  of  all  the  constituent  j)arlicles,  is  tenued 
the  center  of  mastt,  or  cenier  of  inirlin,  of  the  Ixidy  or  system  of 
bodies.  In  case  the  hM)dics  composing  the  system  have  incom- 
mensurable, masses,  then  they  may  be  conceived  to  be  dividfl^f 
into  particles  of  as  nearly  ecjual  mass  as  is  desired  by  making  tK^* 
particles  sufficiently  small.  This  |K)int  has  sevei'sl  important 
properties,  a  few  of  which  will  here  })e  enumerated:  ^M 

(1)  If  the  particles  of  a  rigid  Iwdy  moving  with  pure  transl^^ 
tion  are  acted  U[X)n  by  systems  of  forces  whose  resultants  are  all 
in  the  same  direction,  the  centroid  of  this  system  of  forces  coincides 
with  the  center  of  mass  of  the  body. 

(2)  If  the  re-sultant  of  all  the  forces  acting  on  a  rigid  body 
single  fon^e  whose  line  of  action  pavsses  through  the  cent«r  of  m 
of  the  Ixxly,  the  motion  of  the  l)ody  is  without  angular  acceleratit 

(3)  The  weight  oi  a  IxmIv  acts  approxiiuatt^ly  at  its  center 
mass. 

(4)  The  center  of  nuiss  of  a  Iwidy  is  so  situated  that  the  lini 
motion  of  tiie  [mhW  wouhl  not  Im*  changed  if  the  total  mass  were 
concentrateil  at  this  point  and  all  the  forces  acting  on  the  botly 
wen*  transfen-ed  to  this  iwiiiit  without  change  of  magnitude 
direction. 

(5)  The  motion  of  the  center  of  mass  of  any  material  systei 
is  not  affected  by  the  internal  forces  bc»t\veen  llie  parts  of 
system,  but,  only  by  external  forces. 

(0)  No  material  system  can  of  itself,  without  the  action 
exttirnjd  fonres,  change  the  nK)tif>n  of  its  center  of  mass. 

(7)  An  unconstrained  botly,  when  acted  upon  by  a  system 
forces  equivalent  t^»  a  couple,  will  rotate  about  its  (^nler  of  mi 
with  constant  angidar  acceleration. 
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QUBSTIONB 

1«  Wniild  it  n^qiiirv  a  different  tonv  to  impart,  n  (t^rtain  9\^ccd  to  a  can- 
in  the  surfacv  uf  lUi*  luouu  than  it  wouUl  if  thr  bull  were  on  the 
the  earth — in)  in  a  horiKontul  direction:  [b)  in  a  vortical  diroeliou? 
Note — The  wcolfralion  due  to  lunar  f^vitalion  is  about  one-»ixth  the 
ftcrelcnition  due  to  tem*stiiil  c:ritvJtution. 

%  Explain  why  a  heuvy  body  nod  a  light  ouo  of  the  same  sixe  will  fall 
lii.-stiuici'H  in  tht?  sjimc  time. 

3.  In  rarh  of  the  following  eoAcs  state  whether  a  man  ntanding  on  an 
elevjitor  fiix>r  will  exert  a  force  downward  different  from  his  weight.  Kxi>lain 
nurb  case,  (n)  IHevator  at  rcsrt.;  (b)  elevator  at  unif<iriu  velocity  upward; 
id)  raitiK  elevatjir  going  more  slowly;  (e)  elevator  starling  lo  descend;  (/) 
elevator  descciuliag  ut  uaiforin  speed;  (g)  desceniling  elevator  going  more 
.slowly. 

4.  A  body  is  lifted  by  an  endleua  chain  and  dropped  smtomatically.  The 
instant  it  reaches  the  l>otlom  it  is  ritiighl  by  the  chu'm  :iihI  lifted  ugain.  Can 
the  mmiber  of  strokes  jwr  minute  I>e  incretLsed  by  addiiii^  muss  to  the  body? 
EipUio. 

6.  A  man  who  wcarr^  n  pair  of  ver>'  heavy  bootfl  dives  froiii  a  bridge  into  a 
river,  l^liile  he  is  still  in  the  air  will  I  he  b<x>t«  feel  lu^vier  or  tighter  than  if 
he  were  sitting  on  the  railing  of  thf  briilge?     Why? 

6.  In  "  hrfling  "  a  body  by  lifting  it  up  and  down,  does  one  attempt  to 
otijiiale  its  weight  or  it.s  mAiss?     Ciive  reasons  for  answer. 

T.  Two  packages  of  similar  size  and  appearance  are  lying  on  the  ground. 
W'tthiiUt  liftmg  or  weighing  Ihem,  staU?  how  one  niighl  dctcrmiru'  which  lias 
the  greater  rnafts.     fiivc  the  jihyaical  printiplea  underlying  the  melfiod. 

8.  Why  ejui  the  blow  of  a  hanuner  exert  a  greater  force  on  a  nail  than  the 
weight  of  a  cundiderahly  heavier  object  that  simply  rc^t.s  (^n  ttip  of  the  nail? 

9.  Why  is  a  watch  more  likely  to  Ihj  damaged  when  falling  t-n  the  grr)und 
fn»n»  a  t»h|e  2  ft.  high  than  by  falling  from  a  iK»int  an  inrh  above  the  ground? 

10.  Ari«tijt!e  coiifliderc<l  thai  if  two  brieka,  one  upon  the  nthi-r,  1m?  allowed 
to  fidi  frtvly,  the  upi>er  briek  by  pressitig  upi»n  tlie  lower  will  cause  Ihe  latter 
lu  (all  willi  greater  acceleration  th»n  if  it  were  not  present.     Diseuas  this  idea. 

§  4.  Circuhir  Motion 

80.  Materia)  Particles. — It  is  often  desired  to  omil,  tht!  eijii- 
aidrration  of  any  rotatory  motion  that  a  hody  rnay  have  and  to 
limit  one's  attention  to  its  motion  of  traiiHlutiuii.  If  the  size 
of  a  iKxiy  were  reduced  to  that  of  a  inutherrmtical  fioint,  the  body 
could  have  a  trauslatory  motion,  but  no  rotatory  motion.  An 
ideal  body  bo  small  that  the  only  motion  of  which  it  is  capable  is 
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Fig.  77. 


translal4'>rv   motion   is   called   a   material  p^irtick,     Althouj^h   n< 
actual  body  is  so  smajl  jik  lliis,  it  is  Irut'  timt  in  so  far  a.s  motion 
concerned  any  body  which  has  no  rotation  may  be  thought  of  a^  a 
rnatorial   particle.     In    this  seiuse   the   (orrn   material   particle 
often  used  in  ph3'sics. 

81.  Forces  in  Circular  Motion.— Iii  Fig.  77  let  A  BCD  rcpresei 
a  vertical  rail  inclosing  a  horixonlnl  cirHc.     Tmagine  a  particle 
moving  initially  with  constant  velocity  of  nia^nitu<le  v  in  the  direc-^ 

tion  AB,  to  l>c   deflected   from   il 
U  "      rectilinear     ])ath    by    the     Hnioolh' 
circular  rail  BCD.     Since   the 
is  smooth,  no  force  parallel  to  tl 
rail    Ls   acting    iiptm    the    particle 
consequently    the    linear   speed 
the  particle  remains  constant, 
has  heen  shown  (Arts.  61,  C2)  thai 
at  every  point  in  the  path  of  a  body^ 
inovinf;  with  uniform  speed  in  tb^l 
circumference  of  a  circle,  the  vel<jc- 
ity  of  the  l>ody  has  directed  lowani   the  center  of  the   jjalh   an 
acceleration  equal  to  the  square  of  the  linear  speed  divided  by  the 
raditis  of  the  path.       Conse<iuetitly,  the  force  required  to  deflect 
the  particle   out  of  the  re'ctihii(»ar  jmih  int«  a  4'ir<'ular  path  oi 
radius  r  ib  directed  toward  the  center  of  its  path  and,  (40),  haa 
magnitude 

r 

The  force  required  to  overcome  the  inertia  of  a  body  in  deflectinjj^ 
it  from  a  rectilinear  path  into  a  circular  path  is  caHeii  centrijtctal 
(<rent^'r-seeking)  force.     In  the  aVH>ve  case,  tliis  force  is  due  to  tl 
thrust  of  the  rail  against  the  particle. 

The  particle  itself  exerts  on  the  agent  which  constrains  it 
move  in  a  circular  path  a  force  ^Fr,  which  is  equal  in  nuignitu< 
and  opponite  in  directit»n  to  the  centri|K»lal  force.     This,  fn^pienl 
called   cerUrjfttgal   (center-fleeing)   force,   is  the  reaction   of 
centripetal  force  and  may  l»e  ilcfined  as  the  resistance  which  th? 
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inertia  of  a  body  in  motion  opposes  to  whatever  deflects  it  from 
the  nH:tiliiiear  path.  It  should  be  kept  in  luiiid  tiial  ihv  lentrijv 
elal  force  acta  upon  the  particle,  while  its  reacUon,  the  centrifugal 
fonw,  acts,  not  upon  the  particle,  but  U|X)n  the  ugeut  whit^h  enn- 
8trains  it  to  move  in  a  circular  path.  Since,  in  tlie  above  illus- 
tntinn,  the  reaction  of  the  particle  ceases  as  soon  as  the  rail  cejises 
to  push  it  toward  the  center,  both  the  ceiitrii)et-al  and  the  centrif- 
ugal forces  disappear  simultaneously.  On  the  cessation  of  thc?ae 
forces  the  particle  pursues  a  straight  path  t>augential  to  its  former 
circular  i)ath.  At  no  time  is  there  any  t^indeucy  of  the  particle 
to  move  ra<hally  out  from  the  center  of  its  path.  If  the  body  move 
with  a  greater  speed,  (58)  shows  that  it  will  require  a  greater  force 
to  constrain  it  to  move  in  a  circular  path  of  given  radius.  If  the 
linear  speed  be  increased  while  the  centripetal  force  is  kept  con- 
stant, (58)  also  shows  that  the  radias  of  the  circular  orbit  must 
increaae. 

The  Mntxifug&l  drier  iiawl  in  laundriw  for  drying  rlothes  conRUU  of  a  cylin- 
drical  drum,  with  perforated  aides,  callable  of  rapid  n)talion  about  a  vertical 
axis.  When  rot*t*d,  the  contents  of  the  drier  tend  to  continue  nwving  in  a 
path  tangpntial  to  the  sides  of  the  drum.  The  clothes  ciinnot  go  through  the 
perforatioas,  but  the  drops  of  water  can.  In  thi^  manner  moat  of  the  water  is 
ver>*  qtjickly  ntnoved  from  (he  rlnth™.  A  similar  machine  is  used  to  recover 
the  oil  mixed  with  the  uieUtl  turnings  und  tthavingf;  of  tnut-hinc  shops.  In 
re&Derie^,  sugar  crystala  are  separated  from  admixed  molasses  by  means 
similar  izinchine. 
Every  part  of  a  bolt  tends  to  continue  moving  in  its  prcflent  direction.  In 
gosng  amund  a  pulley,  this  tendency  causes  each  portion  of  the  belt  to  increofio 
it«  distanee  from  the  axis  of  rotation.  The  diminution  of  the  force  pressing 
ihe  belt  ag^nst  the  pulley  cau»c»  high-speed  boltn  ti>  slip. 

It  is  due  to  thLs  same  printiiple  tlmt  the  circus  performance  called  "  looping 
loop'*  K  possible.  In  order  that  the  bicycle  may  move  in  the  circular 
some  force  mu±<t  prtsw  the  bi<\vcle  toward  the  teenier  of  the  circle.  At  the 
itom  and  on  the  sides  nf  the  circle  t.hi.s  force  must  be  supplied  by  Ihe  Iriick; 
at  the  top  of  the  circle  a  part  of  it  ia  supplwl  by  the  weight  of  the  bicycle 
and  rulrr.  CoiiKc:iuently  the  track  does  not  need  to  be  so  strong  at  the  top 
as  at  the  l»ottora     there  may  even  be  a  gap  at  the  top. 

83.  The  Centrifugal  Pump. — In  many  cases  whore  electric  or  8t«am  power 
if^  availablr-.,  the  cjentxifugal  pump  is  preferable  to  a  reciprocating  pump.  One 
form  coiisusta  of  a  hollow  <Jnun,  provided  with  passages  extending  fn>m  the 
vpiiMTe  to  t-hc  pcrif»hcry,  and  rotating  within  a  casing,  a^  illustrated  in 
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Fig.  78.     If,  when  fiUod  with  wat^r,  the  drum  ho  n>trtteri  in  the  direction  i 
dicalod,  vnu'h  parlinip  of  wiitor  within  the"  drum  jKuwiigus  will  tend  to  nM>vc  in  a 
tangtMitiii]  [)tith.     Thus  the  inertia  ni  eaiti  imriidc  will  cause  it    to   re! 
from  llif  iixis  in  the  tongcntiul  liircctifin  till  tho  [jurtiolo  is  acted  upon 
force  ^ven   by   (•'>8).     CommcriMiii   e^ntrifiipd   jHiniiw  are  made   that 
push  water  a^iin^t  a  force  of  25  llw,  jwr  8ijuare  iiiirh. 

83.  The  Centrifugal  Emulser. — jVlthough  the  supply  of  milk  nnd  cream 
on  the  rmirket  Ls  nearly  the  same  from  one  day  to  the  next,  the  demand  for  ice 
cream  fluctiiates  several  hiindrefi  ppr  rent.  Tliis  difficulty  can  be  BUceessfuUy 
met  only  by  making  iee  rrejim  from  materials  that  ean  be  stored  in  anticipa- 
tion of  any  demand.  Instead  of  milk  and  cream,  factoricw  at  the  present 
time  frequently  iLso  butter  nnd  dried  skim  milk.  When  intimately  combined 
with  the  pn>vcr  *<muuut  uf  water,  thu  resull  is  etaBeatudly  thu  bouio  lus  that 


small^ 
iint>^* 


Fig.  78. 


tiltainBd  from  milk  And  eream.  After  themixt'To  of  milk  powder,  water  and 
^muhed  butler  has  t)wn  raiMnl  to  about  150°  F.,  it  nui  be  made  into  n  homo- 
geneoiw  emuli^ion  by  forcing  it  throvigh  miTuitp  holr^.  In  some  plants  high 
pressure  steam  pumps  are  employed  to  push  thy  mixture  throu^  very  ri 
boles.  But  a  simpler  devitv  is  the  DeLaval  cmulscr.  This  oonsiste 
column  of  disks  as  in  Fig.  79.  with  their  e^lges  Hcparated  by  nJmgy^.  mi^ 
Bcopic  Ppace^.  The  column  of  di»k£  rotates  with  a  s\iGisd  of  about  10,000 
revolutions  per  minuttv  llntler  this  pnormous  angular  Miioftd,  the  warm  mix- 
tun>  trnvurwcs  the  thin  spaces  between  the  edges  of  the  disks  and  emerges 
thoroughly  eniulsifit-d  ^H 

8i.  The  Centrifugal  Cream  Separator.— Fn>ro  (58)  it  follows  that  if  tJiJH 
rotating  body  conuUts  of  a  mixture  uf  two  substances  uf  different  densities,  then 
each  particle  of  the  substance  of  greater  density,  i.e.,  of  greater  maaa  for  a  given 
volume,  will  r*M(uire  a  greater  force  to  keep  it  moving  in  the  circle  than  will  a 
partidc  of  the  substanoe  of  smaller  density.  If  the  particles  are  free  to  mov( 
amongst  one  another,  the  forces  exerted  upon  all  the  particles  in  the 
neighborhood  must  be  equal.     If,  in  a  given  region,  the  force  is  just  luffit 
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to  hold  the  particles  of  the  less  dense  substaiicc  in  a  circle,  it  will  not  be  great 
enough  to  hold  the  particles  of  the  (ion.ser  aubstunoo.  Conse(]ueiitly  the 
Utter  will  move  fart.her  away  from  t  he  reciter.  ThLs  is  the  principle  employral 
in  the  centrifuge  and  in  the  centrifugal  cream  sopamtor. 

Milk  is  a  mixture  of  fat  globules,  culled  cream  particles,  and  a  liipiid  cnlled 
milk  flerum  or  skim  milk.  Let  the  mass  and  density  of  a  particle  of  milk  S4>rum 
of  volume  V  lie  represented  by  m  and  *i,  resiieetively,  and  the  mass  ant]  density 
otf  an  eqiial  vnhime  of  cTeam  by  m'  and  d'.  re^^pectively. 

When  at  rest  in  a  pan.  the  creAm  partirles  are  pushed  upward  by  a  force 
n)Ual  to  the  wei(d»t  of  serum  diaplarcd  by  them  (ArchinH^tltTi'  Principle, 
Alt.  110i>     Thus  in  pan  or  gravity  repartition,  the  Hi^parating  force  is 


Fg  =  mg— m'g  —  Vgdl  —  d'). 


(59) 


if  the  venel  conlAining  the  milk  Ix^  rotated,  the  nidefl  of  the  vessel 
puah  cbe  cream  particles  toward  the  uxt8  uf  rotation  with  a  force 


mv^ 


j^_....'_tW 


r  represents  the  radius  of  the  rotatinfi;  vessel  and  v  is  the  linear  speed  of 
a  point  on  the  rircumrercnc«.  Similarly,  the  scrum  particles  are  pushed  toward 
the  axis  uf  rotation  with  a  force 

..    mv*     Vdv' 


Hence  the  separating  force  due  to  rotation  is 


„      Vdv*     Vd'v'     Vv\^     ^,^ 
Fc^ = — {d-d'). 

T  T  T 


(60) 


Consequently  Iho  ratio  uf  the  force  of  centrifugal  separation  to  the  force 
Lvity  HCfxiration  is,  (59)  and  (00). 


irbire  n  nspresents  the  numlicr  of  revolutions  made  by  the  vessel  in  one 
noood. 

In  Fijc.  80,  the  mt,itirig  bow!  of  a  rcntrifu(5al  separator  is  represented  in 
heavy  lines,  and  the  stutionarj'  collector  i«  rt^prescnt^jd  m  light  lines.  After 
dcBccndiug  the  axial  tube,  the  milk  flics  to  the  pcyiphcry  of  the  rotating  bowl. 
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The  more  dcrwo  scnirn  nollectH  at  the  poriphory.  crowding  the  leas  denfic. 
toward  the  axis.     Due  to  the  cmwiiing  of  thi;  seruiii  nt  llie  pfriplici-y,  together 

with   the  pressure  of  the  milk  iii  the 
tube,  the  senna  rises  and  emerges   from 
vent    ill   the  lower   «>lleclor.     The   crezuu 
emerges    fr«m   the  upt»er  eollector,  in  so; 
machines  bving  directed  upward  by  a  scrii 
of  cones  as  shown  in  the  diagram. 

86.  A  Vehicle  Moving  on  a  Curved 
Track. — Wlien  going  around  a  horizontal 
ci]r\iMl  track,  every  particle  of  matter  com- 
posing !i  hicycle  and  the  rider  tends  to 
oontinnc  nutving  in  a  straight  line  and 
thereby  to  increase  its  distance  fnim  the 
center  of  curvature  of  the  track.  The  fric- 
tion between  the  road  and  tires  prcvent«  the 
lower  portions  of  the  wheels  from  retreating 
from  the  center  of  the  curve,  but  the  ri<ler  will  fall  outward  if  he  does  not  inclin* 
his  body  toward  the  ctniter  of  the  curve.  Again,  when  riding  in  a  straight 
path,  if  he  fecOs  a  tendency  o(  the  bicycle  to  fall  over,  he  will  right  himself 
by  Turning  (Iw  fnmt  whc<'l  in  such  ii  direction  that  the  center  of  the  curv 
path  tfiu.s  fornicti  is  on  the  nide  toivanl  which  he  feels  himself  falling. 

WhcTi  ii  train  w  gi>iiig  around  a  cur\'c,  every  pjuiiclc  coniposing  it«  entire 
mass  tends  to  i't>ntinuc  muviiig  in  a  rectilinear  tlirtH'tion.  The  outer  mil 
produces  on  the  fliingea  fif  the  wheels  in  conta<*t  witii  it  a  horizontal  thrust 
diri'cted  toward  the  inside  of  the  cur^'c,  and  thus  constrains  the  trucks  of  the 
cars  to  follow  the  curve.  An  there  is  mithitig  acting  in  a  similar  manner  on 
the  superatnicture  of  the  curs,  ihcy  terul  lo  increase  their  distance  from  tl 
center  of  Ihe  cun'ature  of  the  (nick,  thereby  teiHlirig  to  lift  the  wheels 
the  inside  rail.  In  practice  the  outside  rail  is  somewhat  higher  than  the  insi 
rail,  so  tlmt  a  comp()ncnt  of  the  weight  of  tlie  car  in'U  toward  the  iusidu  of  tl 
curve. 

The  elevation  that  the  outer  rail  of  a  railway  track 
on  a  cur^-e  of  radius  r  must  have  in  order  that  the  flanges 
of  the  wheels  on  a  car  moving  with  a  speed  r  Rhall  iirwlucc 
no  lateral  thnwt  against  the  rails  can  easily  bo  computed. 

In  Fig.  81  let  the  car  \>e  moving  away  from  the 
observer,  .\cting  u]K>n  the  car  are  two  forces — its  weight 
mg  vertically  downward,  and  the  force  F  with  which  the 
rails  press  against  the  car.  By  hypothesis  the  conditions 
are  to  be  such  that  F  is  i>erpendicular  to  the  track.  In 
order  that  the  cur  may  be  moving  in  the  circiunference 
of  a  circle,  the  resultant  force  acting  upon  it  must  be  a 


e^m 


trw* 
force  of  value  —  acting  toward  the  center  of  the  circle. 

r 


Fig.  81. 
rhat  is,  the  reeull 


F  and  m^  must  be  horizontal,  and  must  have  a  value 

Idogram  is  completed.  Ihe  nnj^le  t>etwern  F  iind   mg  will  equal  the  angle  8. 
wliicb  is  the  angle  of  super-elevatiou  uf  the  uuter  rail.     From  the  ligure, 


r 
mg 

<?=«tan- 


U  the  speed  of  the  train  on  the  curve  is  tfl  he  45  miles  per  hour,  and  the 
mtius  of  the  curve  is  2000  ft.,  then  if  the  rails  arc  4  ft.  8^  in.  apart,  (62) 
shows  tiiat  the  outer  rail  should  l>e  3.8  in.  above  the  inner. 


Solved    Piioiilkm 

Probueu. — ^A  pail  of  water  is  rotated  in  n  vertical  plane  in  a  circle  of  1 
rmdiua.  Find  the  least  period  of  revolution  nec-essary  to  prevent  Bpillin^ 
water. 
RoLirnoN. — In  order  tliat  tlic  water  may  not  move  in  a  tariyenliul  path,  it 
must  be  acted  up<jn  by  a  force  directed  townnl  the  «»nter  of  the  circle  ha^'inR  the 
■tenitude  given  by  (58).  This  rw|uin.'d  forct*  nmy  be  ftiipjilied  by  the  weight 
7tbe  watfT  or  by  the  bottom  of  the  bucket  pushing  on  the  water.  When  the 
bucket  is  at  the  highest  point  of  the  path,  the  water  will  not  apil!  if  the  speed 
be  such  that 


mi- 


=  mg    or     t"  =  rg. 


the  period  of  revolution  by  t,  r 


Hence 


[2wrl      2iT     ^      /r     ^      /lOO  .     , 
~ —     =~^^=2tv/-=2x» /-— =  2  seconds. 


I 


H 


QtTERTIONH 

1.  When  an  automobile  isjuinning  at  constant  speed,  what  stresses  are  there 
le  of  the  whcol  apokepl^'^How  does  each  of  these  streasca  var>'  in  magni- 
Juring  oni"  revolution  of  the  wheel? 
8.  It  is  found  tlmt  even  when  there  i-s  no  prodiirti£»n  r)f  air  [locketa  between 
a  f*elt  and  a  hiBh-«p<*»?d  pulley,  the  friction  between  the  belt  and  tlie  pulley 
is  Icm  tliaU  wh^^u  running  ni  w  lower  ^ipfM^d.     Explain. 

ft.  Show  how  the  weight  uf  a  hody  depends  in  two  particulars  on  the 
UUitude  of  the  place  in  which  ihe  body  is  situated. 
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4.  In  the  case  of  a  body  moving  with  uniform  speed  in  the  circumferenoe 
of  a  circle,  what  is  the  value  of,  (a)  the  angular  acceleration,  (6)  the  linear  ac- 
celeration in  the  direction  of  motion,  (c)  the  linear  acceleration  perpendicular 
to  the  direction  of  motion? 

6.  In  one  form  of  governor  for  a  steam  engine  a  heavy  mass  at  one  end  of 
an  arm  is  so  pivoted  inside  the  flywheel  that  it  can  move  toward  or  away  from 
the  circumference  of  the  latter.  Which  way  will  an  increaae  in  the  speed  of 
the  wheel  cause  this  mass  to  move?    Explain  fully. 

6.  In  the  circus  performance,  "  looping  the  loop,"  what  is  the  efifect  of  a 
change  in  (a)  the  initial  speed,  (6)  the  radius  of  the  loop?  Under  what  condi- 
tions will  the  rider  fail  to  negotiate  the  loop?  How  does  the  pressure  vary  on 
different  parts  of  the  track? 

7.  Explain  the  tendency  of  a  motor  car  to  *'  skid  "  on  turning  comere. 
Why  does  this  occur  more  often  on  wet  pavements?  A  reckless  driver  of  ft 
four-wheeled  vehicle  is  sometimes  characteriEed  by  the  statement^  "  he 
turned  the  comer  on  two  wheels."  Which  two  wheels  will  these  be? 
Explain. 

8.  A  man  stands  on  a  platform  balance  and  swings  a  pail  of  water  in  ft 
vertical  circle.    Do  the  indications  of  the  balance  vary?    Explain. 


chai-im:!!  VI 

THE  MOTION   OF  A  BODY  UWDER  THE  ACTION  OF  A 

CONSTANT  TORQUE 


» 


J  1.  The  Axis  of  Torque  ami  the  Axis  of  HoUUion  Coincident 

86.  Torsional  Stress  and  Torque. — If  a  wortdon  rnrl  Ix*  held  in 
die  two  haiuLs  and  one  end  )>e  twLste<l  alwjut  tlxe  lengtli  of  the  hmJ 
as  An  axis,  there  will  be  developed  iti  tlie  rod  a  stress  which  resists 
further  torsion  and  which  also  tends  to  diminish  (he  twii*t  alreatly 
produced.  The  stress  which  tends  to  twist  a  body  in  sueli  a  nmn- 
ner  that  each  section  of  the  body  turns  ou  the  next  adjacent 

on  about  an  axis  normal  to  th(»  plane  of  section  is  called  a 
I  9tr€^H,  Wliile  tile  nnl  in  under  torsional  strejw  it  t-ends  to 
rotate,  in  opposite  directions,  the  two  hands  that  hold  it  twisted, 
which  (like  those  at  the  two  ends  of  the  rod)  either 
or  t^^nds  to  change  the  angular  velocity  of  one  part  of  a 
system  with  rtwpect  to  another  is  called  a  torque. 

The  magnitude  of  a  toirjue  is  the  nionieiit  of  the  forces  acting 
with  respect  to  the  axis  of  rotation.  The  direction  is  given  by 
the  axis  of  rotation  and  the  sense  of  rotation  about  that  axis.  A 
torque  is  in  the  positive  direction  when,  on  looking  along  the  axia 
of  the  torfjue  the  rotation  is  clock wLst^  A  U>rque  can  lie  repre-' 
aented  by  a  straight  Une  in  the  direction  of  the  axis  of  torqtio  and 
luivitig  n  length  proi>ortional  to  the  magnitude  of  the  torque. 
The  direction  of  the  twist  about  the  axis  may  l)e  indicated  by  an 
lUTowhead  nn  the  Une  so  pointing  that  in  looking  along  the  line  in 
the  din*ction  of  the  arrowhead  the  rotation  i.s  clockwise. 

Torques  acting  simultaneously  run  be  ctjinpounded  and  rej^lved 
by  the  same  method  used  for  angular  velocities. 

87.  Angular  Acceleration.- — If  n  1orf]ue  acts  u|ion  a  stationary 
body  capable  of  rotation,  the  Ixxly  will  U^  set  iuto  lingular  motion. 
If  the  Ixjdy  l>e  alrejidy  rotating,  the  appHeation  of  the  torqut^  will 
change  the  angular  velocity  of  the  body.     In  either  case  a  change 
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in  the  angular  velocity  of  the  body  will  bp  prodiaxnl.     W}ic»n  \ 
angular  velocity  of  a  rigid  body  varies,  tho  time  rat<=!  of  change 
the  angular  velocity  is  called  the  angular  accehraiimx  of  the  body*! 
motion,     Thus,  if  during  the  time  t  the  angular  velocity  about 
given  axis  varies  uniformly  from  w\t  to  m*,,    there  Ls  during  the  givt 
interval  a  urufonu  angular  acceleration  a,  the  magnitude  of  whi( 
is  given  by 


a  = 


ff 


This  equation  shows  that  angular  aeceloration  may  Ix*  nieafun 
in  radians  per  second  in  a  second,  degrees  per  minute  in  an  hourj 
revolutions  per  minute  in  a  second,  etc. 

Howsoever  the  rotation  of  a  \:tody  about  a  fixed  axis  tnay  change 
during  a  given  tiint'.,  there  must  U:  a  certain  wtuivali-nt  angular^ 
velocity  with  which   a  uniformly  rotating  body  would   rotat^H 
thnjugh  the  same  atigh'  in  the  sniiu*  time.     If  the  rotation  is  uni- 
formly accelerated,  the  equivalent  uniform  velocity  may,  by  the 
method  of  Art.  60,  he  showm  to  be  the  arithmetic  mean  of  the 
instantaneous  velocities  at  the  beginning  and  end  of  the  time  con-'J 
sidcred.     (\)nsequently,    if   the    !«iguhir   veiocily   of    the     iKxly" 
changes  unifonnly  during  the  time  i  from  wo  to  uf|,  then  the  angle 
4>  swept  through  during  this  time  by  any  line  in   the  body  peiv^ 
pendicular  to  the  axis  of  rotation  is 

i^^\{w,^wo)t (64] 

By  the  use  of  (6:i)  an<l  ((W)  a  large  class  of  problems  in 
fomil\'  accelerated  angular  motion  can  }>e  solve<l. 

Angular  accelerations  can  be  represented  by  right  lines  in  the] 
same  manner  as  angular  vcloeities  (AH.  54).  Angular  arcelera-] 
tions  can  be  compounded  and  resolved  by  the  parallelogram  lawj 
precisely  as  ean  angular  velocities  (Art.  5*3). 

88.  The  Relation  between  Angular  and  Linear  Acceleration.- 
From  (C'i),  (31),  an<l  (32),  we  have 


m  ANmn^\R  motion 

AVhence,  the  magnitude  of  the  angular  acceleration  of  any  body  b 
iHjiial  U>  the  taiiKential  linear  accolej-ation  of  any  point  of  the  Inxly 
divided  by  the  distance  from  that  iK>int  to  tlie  axis  of  rotation. 

A  IxKly  moving  with  luiifonn  linear  speed  in  the  circumference 
[of  a  circle  will  have  a  =  0;  from  (6/))  a  will  also  equal  zero  along  the 
[tangent.  There  will,  however,  be  an  acceleration  along  the  radius 
►f  the  value  (40),  a'^v^/r. 

89.  Three  Laws  of  Angular  Motion. — fl)  Whatever  is  cap- 
|able  of  pnwiucing  linear  acrclcration  is  called  force;  whatever  is 
lcii|>able  of  producing  angular  acceleration  is  called  torque.  If  there 
is  no  tonjue,  thi^n^  is  no  angular  accelcralion.  Constxpiently,  a 
/>0(/j/  will  conlinut  to  move  with  iU  prc^eiU  angular  sfteed  ahoul  an 
\irwariahlc  uxitt  of  rotation  urUil  adefi  upon  by  an  external  torque. 
This  is  the  analogue  in  rotation  of  Newton's  First  I^w  of  Motion.- 
A  torque  is  rtijuin-d  to  rlumge  either  the  angular  8i>eed  or  the 
direction  of  the  axis  of  rotation. 

To  diminish  air  reeiBtanoo.  the  ciiaiDoters  of  modern  projectiles  are  email. 
To  Imvp  •nitficirnt  mH-ss.  iJuj  lomrtli  nnwt  he  grt'uUT  tli&n  the  diameter.  In 
order  tiiat  «ucii  n  long  prtijectUe  may  strike  head-on,  it  is  given  a  rapid  angular 
velocity  »l>out  the  long  axis. 

(2)  When  n  torqite  ads  upon  a  body,  there  is  produced  in  the 
body*s  nuttiim  nn  aurfular  acccleraiion  whose  niagniiude  is  directly 
proportiiximl  to  the  sum  of  the  moments  of  the  npplitd  force's.  This 
is  the  analogue  in  rotation  of  Newton's  Second  Law  of  Motion. 

Since  that  which  produces  angidar  acceleration  i.s  called  torque, 
and  thn  angular  acceleration  pnwJuce^l  is  proiKirtional  to  the  result- 
ant force  moment,  torque  is  measured  by  the  resultant  force  mo- 
ment applied  to  a  lx>dy. 

(3)  Since  the  reaction  of  any  force  is  equal  in  magnitude,  has 
the  Haine  line  of  action,  and  is  in  the  opposite  direction  to  the 
force,  it  follows  that  the  reaction  to  any  force  has  a  inonicnt» 
about  any  axis,  equal  and  opiXKsite  to  the  moment  of  the  f<»rce. 
Consccfuently,  for  every  torque  tfiere  ads  upon  some  oUier  body 
another  torque  equal  to  the  first  afui  tendimj  to  jtroduct  rotation  about 
Ike  same  tuts  in  tlie  >>pfnisite  diredion.  This  is  the  analogue  in 
rotation  of  Xewton'n  Third  Law  of  Motion. 
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90.  Angular  Acceleration  Produced  by  a  Uniform  Torque  ab< 
the  Axis  of  Rotation. — Tiie  appamtu>i  tk-pic-tetl  in  Fig.  82  consit 

of  an  easily  turning  spindle 
to  the  upper  end  of  which 
i«  —\-M      viirUiUfi    iKidies   can   be  at 
tacrhod.     The  lower  end 
provided    with   a  drum 
to  w'hU-h  a  constant  t-orq 
t^an  t)o   applied  by  me 
of  a  woight  acting  throuKh 
a  f]('xil)le  t'ord  arranged  as 
shown     in    the     enRravini 
The  angular  arceleration 
the  rotating  system  is  pro-' 
portiunrd      to     the     linear 
Fia.  82.  acceleration    of   the    vert 

catly  falhng  moss  A. 
The  body  shown  attached  to  the  upper  end  of  the  rotating 
spindle  eonsisU  of  tw*»  similar  spheres,  eonnectt^d  liy  a  spiral 
spring,  and  capable  of  sliding  along  a  horizontal  rod.  These 
sphere-s  can  lx»  drawn  apart  by  means  of  a  cord  strett^hed  over  two 
small  pulleys  at  (he  ends  of  the  rod.  If  the  spindle  be  released,  it 
wiJI  rotate  with  constant  angular  acceleration  under  the  influence 
of  the  constant  tonpie  produced  by  the  weight  acting  at  the  en< 
of  the  cord.  If  now  the  cord  holding  the  sphr-res  aftart  be  burned/' 
the  strelched  spring  will  ]m\\  tlie  Hplu-rrs  toward  the  axis  of  rota- 
tion, and  the  angular  acceleration  of  the  rotating  system  will  bo 
increased.  The  liotly  BB'  is  arranged  to  take  the  place  of  the 
one  just  described  and  consists  of  two  similar  spheres  held  apart 
by  a  spiral  spring.  These  spla^res  can  be  drawn  together  l^lfl 
means  of  a  cord.  If  this  c^ord  Ih'  luirned  while  the  system-is  rota-^ 
ting,  the  spheres  will  ilv  apart,  and  flic  angidar  acceleration  of  the 
rotating  system  will  be  diminished.  These  two  exi>eriment«  shoi 
that  the  angular  acceleration  of  a  given  IxKiy,  under  the  action 
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a  constant  torque,  depends  upon  the  distribution  of  the  mass  with 
respect  to  the  axis  of  rotation. 

The  body  CC  consists  of  a  horizontal  rod  with  two  solid 
spheres  attached  to  the  ends.  These  solid  spheres  can  be  removed 
and  two  hollow  spheres,  Z>D'  of  the  same  diameter,  substituted 
for  them.  When  this  body  is  attached  to  the  rotating  spindle,  and 
the  solid  spheres  are  in  place,  the  angular  acceleration  of  the  mov- 
ing system  is  found  to  be  less  than  when  the  hollow  spheres  are 
substituted  for  them.  This  shows  that  the  angular  acceleration  of 
a  body  of  definite  shape,  under  the  action  of  a  constant  torque, 
depends  upon  the  mass  of  the  body. 

The  relation  between  the  magnitude  and  distribution  of  the 
mass  of  a  body,  the  torque  applied,  and  the  angular  acceleration 
developed,  will  now  be  considered.  It  has  been  shown  (Art.  71) 
that  if  a  particle  of  mass  m  be  acted  upon  by  a  resultant  force  F, 
there  will  be  produced  a  linear  acceleration. 

F 
a=— . 

m 

It  has  also  been  shown  (Art.  89)  that  if  a  torque  be  applied  to  a 
body,  there  will  be  produced  an  angular  acceleration  of  its  motion 
proportional  to  the  torque  applied.     That  is, 

a=|, (66) 

where  L  is  the  torque,  i.e.,  the  moment  of  the  applied  force,  about 
the  axis  of  rotation,  and  K  is  some  function  of  the  inertia  of  the 
Ixxly  yet  to  be  determined.  From  the  experiment  considered 
at  the  beginning  of  this  article,  it  appears  that  this  quantity  K 
de|XJnds  upon  both  the  mass  of  the  body  and  upon  its  distance 
from  the  axis  of  rotation.  Since  the  numerical  measure  of  the 
importance  of  any  physical  agency  on  the  rotation  of  a  Ixxly  is 
frequently  called  the  "  moment "  of  the  particular  agency,  it  is 
customary  to  call  the  quantity  K  the  "  moment  of  inertia  "  of 
the  body.  The  moment  of  inertia  of  a  rigid  body  with  respect 
to  a  given  axis  is  that  property  of  the  body  which  requires  a  torque 
to  change  the  angular  velocity  of  the  body. 
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91.  Moment  of  Inertia  of  a  Particle. ^Thc  value  of  the  niomen 

of  inertiiL  A'  of  a  particle  will  now  Ix'  determined. 

Consider  a  particle  of  mass  m  attached  to  one  end  of  a  niaasl 
rod  of  k'ligth  r  (Fig.  S3)^  capable  of  rotation  about  c.     If  a  for 

F  be  applied  at  R  in  such  a  waj' 

I       to    be  always  perpendicular  to   t 

^      rod   and   to  the  axis  of  rotation,  t 

— *l  particle  will  move  in  the  circurafe 
ence  of  a  eirele  of  radius  r  with 
constant  linear  acceleration.  In  Art. 89 
we  have  seen  that  the  sanie  anfi;ular 
acceleration  would  b**  produced  \i,  instead  of  the  force  F  applied 
at  Bj  another  foree  F\  of  such  a  uiaguitude  lliat  its  moment 


Fig.  83. 


F'r^Fx, 


^ 


were  applied  to  the  particle. 

Denoting  the  linear  and  angular  accelerations  of  the  particl 
by  a  and  a,  respectively,  we  have,  from  (65), 


tnici^^ 


F*l  =  7na]  =  mar. 
Substituting  this  value  of  F'  in  the  preceding  equation,  we  obtain 


Comparing  thus  with  (66),  we  obtain 


141 


(67) 


Since  toniue  is  metuKured  by  the  force  moment  actinpon  the  body 
(Art.  89).  L  =  Fx.  Consequently  the  above  equation  shows  that 
the  moment  of  inertia  of  a  particle  et|uals  the  product  of  the  mass  of 
the  particle  and  the  square  of  its  distance  from  the  axLs  of  rotation. 
Moniciits  of  inertia  may  be  expres.st^i  in  the  various  unit.s  of  nrntm^ 
and  dLstancc.     There  are  no  names  for  the  different  units.  iU 

It  can  be  sliown,  iilt hough  tlie  proof  will  not   be  given  here, 
that  the  moment  of  inertia  of  any  Iwdy  equtde  the  sum  of  tb< 


i  tu^ 
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moments  of  inertia  with  respect  to  the  given  axis  of  the  separate 
component  particles  of  the  body.  That  is,  the  moment  of  inertia 
of  any  rigid  Ixxly  is 

K^Ximr') (68] 

Therefore,  the  angular  acceleration  of  a  rigid  body  under  the 
action  of  a  I'esultunt  torque  L  b 

L 


t 


imr'y 


m 


For  any  rigid  body  revolving  al>out  any  axis  fixed  in  space,  the 

lent  of  inertia  is  a  constant  quantity  quite  indopendeiit  of 

the  speed  of  rotation  and  the  force  acting.     Consequently, 

the  angular  acceleration  of  the  motion  of  any  body  is  numerically 

equal  to  t  he  ratio  of  the  moment  of  the  force  api>lic<.l,  to  the  moment 

of  inertia  of  the  Ixxiy  about  the  axis  of  rottition. 

Rotating  machinery  is  acted  upon  by  frictional  torques  which  tend  lo 
produce  nef^tive  angular  acrctcratioDii.  In  order  that  the  anfj^tilar  speed  may 
remain  winstanl  Iherr  nnist  be  fipplUnl  a  torque  of  th«  syime  inugiiitude  in  the 
opposite  direction.  If  tlie  marhinery  be  o]>tirat«d  by  a  reciprocating  engine, 
the  resulting  angular  a(T<'lerat  inn  will  not  ho  zcrti.  However,  by  adding  ft 
Bywbeol  tjf  large  nuttueut  of  inertia,  the*  angular  acceleration  due  to  the  variable 
torque  produced  by  the  reciprucutiiig  piston  can  be  nmde  aa  nearly  conBtaiit 
li  desired. 

For  a  given  mass,  the  moment  of  inertia  of  a  flywheel  will  be  larger  when  the 
dt&meter  of  the  spokes  is  small  and  the  radias  of  the  rim  is  large. 

9S.  The  Ifeason  that  a  Falling  Cat  Alights  on  its  Feet.— It  is  due  to  the 
appUcution  nf  (09)  that  a  freely  rnlUng  cat  always  alights  on  its  feet.  Imagine 
a  body  cousistiDg  (Figs.  S4  and  8'))  of 
a  rod  CD,  to  the  ends  of  which  are 
hinged  four  rods  carrying  the  nmst^es  ^4 , 
A'^  B,  and  B',  Assume  that  by  means 
of  some  internal  mcchani^im,  a  loniional 

IBtms  can  be  given  to  the  body  about 
the   axis    CD.     This    torsional    stress 
will    ctmae   the  two  ends  of  the  body 
to  rotate  in  opposite  directions. 
Eqiiation  fftQj  shows  that,  for  a  constant  toripie, 
: 


»m 


<t  :>^ 


A' 


Fig.  8-1. 


Fig.  85. 


he  angular  acceleration 
produced  is  inversely  proportional  to  the  moment  of  inertia  of  the  body,  and 
that  the  moment  of  inertia,  about  any  assignetl  axis,  of  a  body  of  given 
can  be  oonsideTably  altered  by  amall  changes  in  the  distances  of  its 
{]«rU  from  the  axis  of  rotation. 
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With  the  part*  arranged  aa  in  Fig.  84,  the  moment  of  inertia  of  the  1 
end  of  the  body,  alxjut  tlie  axis  CO.  is  rtpjiUt  limn  that  of  the  ri(?ht  end  of 
body  about  the  sanic  axis.     Witli  the  parts  arranK^l  us  iti  Fig.  85,  the  rev 
is  true.     Consequently,  if,  with  the  coiifiguraiiou  of  Fig.  84,  a  torsional  st 
be  developed  ubout  the  axis  CD,  the  left  end  of  the 

¥will   ex|>erience  a  smftller  Angular  acwlcration   than 
right  end;   that   is.   in  a  given  time  the  left  end  rtf 
(^j     body  will  rotate  through  a  smaller  angle  than  the  ri 
end,  and  in  the  opposito  direction.     With  the  parta 
ranged  as  in  Fig.  85,  the  left  end  will  rotate*  through  a 
^  greati^r  anglo  than    the  right  end.     On  this  principle  de- 

^M     A^L      ...     |>endit  ifie  ability  (jf  the  eat  to  rotate  itfl  body  while  falling 
^^■^HT  freely  through  the  uir 

^^^^r  Fig.  80  is  an  engraving  made  from  a  aoriea  of  kin 

^%  scope  photographii  of  a  freely  falling  cat.     An  iiiAfieoti 

^^^^^^^    /^j      of  thrac  figureD  shows  tiiat  the  first  operation  was  simul- 
^^^^^E»  tancously  to  extend  the  hind  legs  and  tail  perpendicular 

to  the  meiliaii  axis  of  the  body,  antl  draw  the  fore  legs 
close  in  to  the  Injily.  A  topjioiml  ytreas  now  applied 
about  the  median  axis  has  re?«ulLed  (Fig.  8l>r)  in  a  rota- 
tion of  the  fure  quarters  nearly  90*^  in  advance  of  tlie 
^^^^^  hind  qiLarlers.     Uy  drawing  in  the   hind   legs   and   tail, 

^^^^^■^   (^^     extending   the   fore   legs,   and  exerting  another  torsioqal 
^^^^^^^^  stress  in  the  direction  opp(.»gito  to  the  previous  one,  the 

V  X  hind   quarters   have   been   rotated  (Fig.  86r]  in  ad.aace 

^^^^^^^  of  ttie  fore   quarters.      By   thw  series  nf  oijerations.   an 

f^H^P^pV  ^^  '     ai^ilc  ELoimal  can  prmluce  a  sufticient  rotation  of  the  entire 
/^^r^    1^  body  to  enable  it  ulway-s  to  alight  on  itjf  feel,  even  wl 

^^         *\  failing  froiu  a  couiparutively  Miiiall  hei|j;ht. 

^^^^^^'  (^)  93.  Values  of  the  Moment  of  Inertia  of  Certain 

^PI^V*  Bodies. — Tlu?  niornents  of  inoiiia  of  Ixxlics  hav- 

B       I  "^K  rc^iiular  f^eomottical  sha[x*s  cun  be  coniputeil. 

Fia.  80.  Tiiit    siiu'e,    in    g<'noral,    th*^ir    computation    in- 

volves   inathoinatiral    niethocls    that    would    \^M 
inappropriate  in  a  roui-sc  linviup  the  Uniitations  of  the  prt*sct^^ 
one,  such  calculations  will  he  omitted.     For  tape  in  .solving  prob- 
lems, valuta  of  tho  moments  of  inertia  of  three  reg:iilQr 
about  different  axes  are  given  Inflow: 

The  moment  of  inertia  of  a  uniform  right  solid  eylinder 
mass  ^f  and  radius  r»  a1x)ut  its  geometric  axis,  is 

Kc^iMf^; 


(c/i 
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wniip  about  an  element  of  itJ*  surfure  purallol  to  its  gponietri(^ 

taxu,  iu  moment  of  inertia  Ls 
A:'.  =  SMr2 (71) 
I           The  moment  of  inertia  of  a  cylin<lrieal  ring  of  mass  3f ,  external 
radius  ri,  and  internal  ra«)ius  r2,  abont  its  geometric  axis  is 

P  A%-iM(r.2H-r/); (72) 

while  about  a  line  parallel  to  the  geometric  axis  and  distant  r» 
from  it,  its  moment  of  inertia  is 

K'r=^iM{ri^'^r2^)-^Mn^ (73) 

The  moment  of  tnortiu  of  a  uniform  solid  wphem  of  mass  M 
and  radius  r.  with  respect  to  an  axis  through  the  center  is 

K.^iMr"]        (74) 

while  with  respect  to  an  axis  tangent  to  the  sphere,  the  moment  of 
inertia  is 

/C',  =  JA/r (75) 

94.  Radius  of  Gyration. — If  material  were  taken  from  near  the 
axis  of  any  body  and  fastened  to  the  body  farther  from  the  axis, 
the  moment  of  inertia  of  the  body  would  1«*  iiifrea.sed.  If  the 
tnateriai  were  taken  from  the  outer  part  of  the  Ixxl^'  and  moved  in 
toward  the  axis,  the  moment  of  inertia  would  \>v  dcH;reased. 
These  two  piwesses  might  be  carried  on  at  the  same  1  jnie  in  such  a 
way  that  the  moment  of  inertia  of  the  hody  woulii  l»e  unalU?red. 

I  The  two  processes  might  be  kept  up  until  the  entire  material  of 
the  IhmW  had  I>een  l»rought  to  the  siiiite  distance  from  the  axis. 
The  ciistunce  from  the  axis  at  which  the  entire  nuiss  of  a  body 
might  be  concentrated  without  altering  the  moment  of  inertia  of 
the  body  is  called  llie  nuHu.i  of  tjynitum  of  the  body  about  the 
given  axis.  Since  all  the  nmterial  is  at  Ihe  siuue  distance  fr<»ni  the 
axis,  it  follows  from  (68)  that  the  moment  of  inertia  of  a  body  of 
nuus  M  and  radius  of  gyration  k  is 

K  =  Mlc^ (76) 
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96.  Comparison  of  Force  with  Torque,  and  laertit  with  McMnent  of 


Force  is  any  cause  which  either 
changes  or  teuds  to  c^uuige  the  linear 
motion  of  one  part  of  a  material  sys- 
tem relative  to  another. 

luertia  is  the  iiaaic  of  that  charac- 
teristic of  matter  by  virtue  of  which  a 
force  is  required  to  change  the  linear 
velocity  of  a  body  either  in  direction 
or  magnitude.  Inertia  is  measured 
by  the  tendemy  of  a  body  tu  keep 
its  linear  velocity  of  constant  magni- 
tude in  an  invariably  direction.  The 
inertia  of  a  body  is  numerically  equal 
to  the  sum  of  the  manses  of  its  coni- 
poneot  particles. 


A  body  will  continue  to  move  with 
its  pre:^nt  Uaeur  speed  in  a  straight 
tine  until  acted  upon  by  an  externa) 
force. 

When  a  force  acts  upon  a  body, 
there  is  produced  in  the  body's  motion 
a  hnear  acceleration  whose  direction 
ia  that  of  the  force  and  whose  magni- 
tude is  directly  proportional  tu  thai 
of  the  force.  The  magnitude  of  the 
linear  acceleration  is  equal  to  the 
ratio  of  the  applied  force  to  the  in- 
ertia of  the  body. 

For  every  force  there  ia  an  equal 
and  oppositely  directed  reaction 
which  acts  in  the  Line  of  action  of 
the  force  and  is  apftlied  to  a  difTerent 
body. 


Torque  is  any  cau.«*e  which 
changes  or  teuds  to  diange   the  an- 
gular motion  of  one  part  of  a  materifl^H 
system  relative  to  another.  ^| 

The  moment  of  inertia  of  a  rigid 
body  Ls  the  name  of  that  quality  of 
the  body  by  virtue  of  which  a  torque 
is  required  to  change  the  angular 
velocity  of  a  body  either  in  dirortion 
or  magnitude.  Moment  of  inertia  is 
mca.surod  by  the  tendency  of  a  body 
to  keep  its  angular  velocity  of  con- 
stant magnitude  about  an  invariable 
a.\is  of  rotation.  The  moment  of 
inertia  of  a  IkxIv  about  a  given 
is  nmncricaHy  equal  to  the  sum  of 
products  of  the  masses  of  the  parti 
cles  composing  the  body  and  the 
squares  of  their  respective  difitano^H 
from  the  axis  of  rotation.  1^| 

A  body  will  continue  to  move  with 
its  present  angular  speed  at^out  au 
invariable  axis  of  rotation  imtil  ae 
upon  by  an  externai  torque. 

When  a  torcjue  acts  upon  a  body, 
there  is  produced  in  the  body's 
motion  an  angular  acceleration  about 
the  axis  of  the  U>rque  whofc  mag- 
nitude is  direttly  proportional  to 
that  of  the  torque.  Tlie  mRgnitudl|H 
of  the  angular  acceleration  is  cqud^| 
to  the  ratio  of  the  appUed  torque  to 
the  moment  of  inertia  of  the  body. 

For  every  torque  there  is  an  equal 
and  oppositely  directed  torque  whi< 
acts  about  the  saate  axis  and 
plied  to  a  different  body. 


96.  Moment  of  Inertia  of  a  Plane  Area. — In  Mechanics, 
the  study  of  .strength  of  iiiatt'riaLs,  it  is  oftcri  convenient  t-o  col 
sider  a  body  to  be  composed  of  thin  plane  lanjina*.     In  tJie 


I 

I 

I 


of  the  displacements  of  these  lamin®  with  respect  to  a 
ivea  line,  when  tlic  body  is  distorted,  a  (juantity  of  the  form 
Af^  is  of  frequent  occurrence.  In  this  quiintity,  A  represents 
the  area  of  one  of  the  small  elements  into  which  the  face  of  one 
of  the  lam.inse  is  conccive<l  ti)  l.>e  dividcil,  and  r  is  the  distance  of 
this  element  from  the  axis  of  reference.  As  this  quantity  is 
Df  the  same  form  as  the  expression  Smr*  for  the  moment  of  inertia 
of  a  body  with  respect  to  a  given  axis,  it  is  called  the  moment  oj 
inertia  of  the  area  of  the  lamina  with  respect  to  the  assigned  axis. 
The  moment  of  inertia  of  a  plane  area  with  respect  to  an  axis 
norma]  to  its  plane  is  called  a  polar  moment  of  inertia. 

Solved  Problkus 

Pboblem. — A  fl>'wbeel  of  radius  of  gyration  h  ft.,  is  making  AQ  revolutions 
per  minute  when  thrown  out  of  gear.     In  what  time  docs  it  come  to  rest  if 
thfi  diojnetcT  of  the  axle  is  6  in.  and  the  coefficient  of 
kinetic  friction  ifl  0.057 

SoLtmoN.^At  the  surface  of  the  axle  the  flywheel 
IB  acted  upon  by  a  torque  due  to  friction.  Representing 
the  weight  of  tiie  flywheel  by  tng,  the  radius  of  the 
shaft  by  r,  and  the  coefficient  of  kinetic  friction  by  6, 
the  tofxiue  acting  on  the  wheel  is 


L  —bmgr. 

This  torque  will  produce  an  angular  acceleration, 
(86),  (76»: 


Fig.  87. 


bfngr 


hgr 


KvBpreaentfi  the  moment  of  inertia  of  the  whcpl,  k  the  radiuB  of  gyration, 
the  negative  Hign  indicates  that  the  lingular  B|X-*ed  is  diminishing. 
A  body  rotating  with  an  angular  acceleration  a  will  change  in  angular 
«peed  from  u.<^  to  W|  in  the  time,  (63), 


t  = 


W|  — u\> 


Id  the  pM«ent  problem  u'i='0,  and  u\t 
radians  per  Bceond.    Consociucntly. 


40  revolutions  per  minute  or 


40(2>) 
60 


l-$1 


40(3ir)5» 


60(0.0S)(32.J)(0.25) 


=  261  sec. 
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Pkoblbm. — An  empty  corn  sbeller  has  a  apocdof  60  revolutions  per  minul 
when  a  force  of  20  lb.  wt.  is  applied  to  the  crank   hiiviog  a  lever  arm 
18  in.     When  an  ear  ol  corn  is  introduced,  thcro  is  a  resisting  torque 
40  lb.  ft.     It  i.s  desiriMl  to  add  a  Hywhofl  ftu<;h  UiMt  the  %peed  shall  not  di 
l>elow  50  revolutions  per  lainulc  during  I  hi:  two  seconds  taken  for  the  shelUi 
of  one  ear.     Find  the  miim«>iit  of  inertia  tlmL  the  flywheel  must  have, 
the  radtiifi  of  o'ratinn  of  thi.'  Hywhcel  be  1.5  ft.,  find  the 

Solution. — Krouj  (Oti)  and  (<>3), 


[-^1 


U 


Wt-iPt 


where  L  represents  the  resultant  torque.     If  the  torque  be  expressed  in  pomu 
feet,  K  wiil  l*  exprca.sc'd  in  Urili.sh  i^nRincvring  units. 
Substituting  in  the  ecjuati<»n  tlie  <lata  of  the  problem, 

Veo/       \6o/ 

Again,  from  (76),  we  have 

K 

When  K  i»  expn^a*H*d  in  British  engdnetiring  units  and  k  in  feet,  m  will  be  ex- 
pressed in   British  engineering  units  of  mii.*w.     Henoe  the  mnsH  required 


8.44  B.e.  unita  of  mass 
'8.44X32.1  lb. 


Find 


Problem. — A  eylindcr  rolls  down  an  inclined  plane  of  height  h. 
linear  Hi>ecd  at  the  bnttom. 

Solution. — Let  r  denol^^  the  ratlitt'^,  and  m  Iho  rniLKK  of  the  eylinder; 
length  of  the  plane,  atid  0  it^u  iiieliruUiou  lo  the  horizon. 

Since  the  rolling  body  is  n  cylinder,  the  line  from  ita  axis  O  to  the  jKiint 
A  where  it  tourht^  the  plane  is  normal  to  the  plane.     Since  the  weight 
the  cylinder  aet.s  vertically,  the  angle  AOii  =  0. 

A  i.s  the  instantaneous  axi.'*  of  rotation;  my  is  the  force  that  urges 
cylinder  to  rntate  nliuut  A ;  and  .4/iI  =r  sin  d\  is  the  lever  arm  of  the  fo 
The  torque  that  tends  to  make  the  eylinder  rotate  about  ,4  is,  therefore, 

Ij  ~  mffT  sin  9. 

From  (71)  the  moment  of  inertia  of  the  cylinder  alxmt  A  is 
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Troai  (66)  ft  follows  that  if  a  denotes  the  angular  acceleration  with 
which  the  esdinder  rotates  about  A^ 


[L~\     mgrmnd    2gmnt 


Prom  (65),  the  linear  acceleration  of  the 
axis  of  the  cylinder  is 


From  Fig.  88 


so  that 


h 
smtf=-, 


2gk 

''"IT- 

From  this  equation  it  is  seen  that  the  linear  acceleration  of  the  cylinder 
down  the  inclined  plane  is  coi^tant.  Therefore  the  formulie  for  uniformly 
accelerated  linear  motion  may  be  used.  Substituting  in  (32)  and  (33)  the 
values  found  above,  we  have  then 

2gh_Vt-0 
and 

On  eliminating  t  from  these  two  equations  and  then  solving  for  1%  we  find 


ligh 


Since  this  equation  does  not  involve  the  mass  or  radius  of  the  cylinder, 
nor  the  length  of  the  plane,  it  follows  that  the  final  speed  is  independent  of 
these  quantities. 

Questions. 

1.  If  you  are  given  two  cylinders  of  the  same  dimensions  and  mass,  but 
the  one  is  hollow,  while  the  other  is  solid,  how  could  you  determine,  by  allow- 
ing them  to  roll  down  an  inclined  plane,  which  is  hollow? 

2.  If  two  flywheels,  one  of  wood  and  one  of  iron,  with  equal  radii  of  g>'ra- 
tion,  are  given  equal  angular  speeds  on  similar  shafts  and  then  thrown  out  of 
gear,  how  will  the  times  required  for  the  two  to  come  to  rest  in  a  vacuum  com- 
pare?   Explain. 
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97,  Different  Aspects  of  Energy. — Tlie  accomplishment 
A  vhhuifji'  in  i\ui  pdHJiion  of  u  UmIv  against  a  resisting  force 
calbvi  wf/rk.  Work  w  mi!aHun?d  by  the  product  of  the  force 
iiiK  "n  ih**  liody  moved,  and  the  resolved  part  of  the  displacement 
of  ihi^  Uwly  ill  thr  line*  of  u-rtion  of  the  force.  Etiergy  has  been 
defined  lu*  Htorcd^work,  or  as  the  abihty  to  do  work.  The  quan- 
tity of  erHTTKy  poMCMed  by  a  syateni  of  bodies  is  the  aiiiouiil  of 
work  till'  Hvwtcin  ran  do  against  external  forces  in  passing  from 
itn  pri'WMit  ciindiljon  to  90ine  Htandard  condition. 

The  energ>'  <'f  a  aystcm  may  be  due  to  the  motion  of  part  of 
it  widi  rcfrrrtUT  to  oilier  piirts.  This  typo  \&  called  kinetic  energy. 
Or,  the  i^tiersy  of  IIh*  Byntetn  may  bo  due  to  stresses  between  dif- 
ferent |)(irfj4  of  tin"  KyBt<*ni.     ThiH  type  is  called  ■poteniial  energy. 

In  rcvliiin  i'WHi'H  work  niiiy  Ih-  done  by  a  lH)fiy,  not  on  account 
(if  thi*  motion  or  lhi'  MiraiiuuJ  (rondition  of  the  lx>dy,  but  on  account^ 
of  tfic  heat  encrjo'  stove<I  in  the  Inxly.     For  example,  a  body  ca^H 
do  w<trk  rilhiT  by  cxjuuidiuK  iitid  thereby  overi'oiiiinjj  pn»ssure, 
or  by  ex|)andinn  and   Lheroby  liberulinf;  heat,*  which  in  turn  i^^ 
oonvin'ted  into  work,     hi  the  former  caso  the  work  is  due  to  ^B 
diminution  of  llie  |M»(entijil  encrK>'  of  ihc  strained  t>o<ly,  while  in 
the  latter  ctuse  the  work  i.s  due  t.<i  a  diiaiuulion  of  the   internal 
fMierny  of  tlic  btxly.     Again,  the  heat  absorbed  when  water  is 
convert i»<l  into  wteani  is  Hton*d  up  as  internal  energj'  until  the  steam 
rraumcH  the  li(|uid  form.     Stoatn  equals  water  plus  a  quantity  of 
internal  enenjA'.     Acronling  to  the  kinetic  theor>'  of  matter  (Art. 
V}fS),  the  inlernid  ener^v  of  n  Uxiy  is  a  form  of  potential  energy*  due 
to  the  nrriinKeiuent  uf  the  ultinmte  (inrts  of  which  a  substance  ia,^ 
oonrndcnxi  to  be  oom}Vteie<l. 


*  M»m-  »u)WfiAitti«iid 
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Work  and  energy  are  measured  in  the  same  units.  In  the 
C.  <S.  S.  ab8oUit4?  system  of  unit*,  the  unit  of  work  is  the  amount 
of  work  done  when  a  body  is  moved  through  a  distance  of  one 
centiinet«*r  against  a  force  of  one  dyne.  This  unit  is  calU^d  the 
dyne-ccnti meter ,  or  erg;  10^  ergs  is  called  a  joule.  In  the  F.  P.  S. 
gravitational  system,  the  unit  of  work  is  the  amount  of  work  done 
when  a  Ixxiy  is  moved  through  a  distance  of  one  foot  against  a, 
force  of  one  pound  weight.     This  unit  is  called  the  foot-jwrnnd. 

The  rate  of  doing  work,  that  is.  the  amount  of  work  jKirfornied 
per  second,  is  called  power.  If  W  denotes  the  work  done  in  time 
t,  tben  the  power  P  is 

P-^ (77) 

In  the  C.  G.  S.  absolute  system  of  unite,  the  unit  of  power 
b  the  erg  per  9ecofid.     One  joule  (UF  ergs)  per  second  is  called  a 


^. 


Id  the  British  engineering  system  of  units,  the  unit  of  power  is 
cidled  the  fool-pound  per  second;  550  foot-pounds  per  second  is 
called  a  horse  power. 

Units  of  work  often  useil  in  engineering  are  the  watt-hour  and 
the  horso-power-hour. 

98.  Work  Done  and  Power  Developed  by  Forces  and  Torques. — 
If,  in  opjx.wition  to  a  uniform  force  F  n.  body  is  moved  a  distance 
X  along  the  line  of  action  of  the  force,  the  work  done  is,  (1), 

W  =  Fx. 

But  since  when  a  radial  force  constrains  a  particle  to  move  with 
constant  speed  in  a  circular  path  the  force  and  motion  are  at 
right  angles  to  one  another,  no  work  is  done  by  the  radial  force. 
In  this  ca«e,  the  energy  of  the  particle  is  constant  although  a 
force  is  acting  ujwn  it. 

If  a  linear  displacement  x  is  cfTecfed  in  lime  f,  with  a  constant 
lineflr  velocity  p,  then  the  |xjwer  develu])ed  by  a  force  F  in  the 
direction  of  the  displacement  is 

4-^]-?-^- ™ 
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Also,  (Mnisidor  a  Ixidy  capable  of  rotation  about  a  fixed  a 
paf^ing  tlirough  (lie  iM>int  ('  and  ;u*le<i  iiiMni  l>y  a  force  /^  Imvi 

a    coiLstant  moment  Fl  al>out  the  axis  of 
'^  -  ^     rotation.       ^^^^0Tl     the     body    has    turned 

'^  thrriuRh  an  angle  0  ratlians,  the  point  of 
applieation  of  the  force  will  have  moved  a 
distance  Itfj  along:  the  line  <^f  aefion  of  the 
force.  Consequently,  the  work  done  by  the 
torque  L  is 

W[-^Fx]-^Flii>=Lii> (7' 


Fia.  89, 


he 

I 


If  the  angular  displacement  ^  be  effected  in  time  2,  with  a 
conataxnt  angular  velocity  w^  then  the  power  developed  by  IImH 


tonjue  IS 


i-^]-¥- 


Lw. 


Solved  Problems 


(80) 

il 


Problem. — I'Virn   the  fJefinitwjns  t»f   the  hnrac-power  and  of  ihv  watt. 

togetliiT  with  ihv  rclutinn  hrlwt'tiii  X\w  [kiuiuI  ;inU  the  Kraiii,  tmd  tlic  relation 

betw<im  (he  fixit  anil  the  oeatimetdr,  find  the  number  of  watts  in  1  H.P. 

Solution. — 

1  H.P.  *550  ft.-Ib.  per  sec 

=550X30.5X4&4  gm.  cm.  per  sec. 

-550x30.nX45-tX9S0  djiic-cm,  per  sec.  or  ergs  per  sec. 

*    550X30.5X454X98*1.     . 

s= joules  per  «co.  or  whILh 

10' 

=740  watts. 

ThBtransrorntution  ron.stmil  m  i^«  fivtiiu-titJy  u^od  Ihnt  il  ^hnuld  \h;  menu 
Problem. — In  ilelermiairi^  the  uiitpnt  of  ii  small  clecrric  moUjr  a 
waH  wrapped  half  way  iir*jund  the  pulk-y  luid  a  spring  bulancc  attnchcd  to  each 
vertical  free  end  of  the  strap.  Tho  i>ulley  hud  a  diamtiLt-r  of  three  inrhes. 
Whnn  th«  pulley  waa  rotating  3O0O  times  per  rainul43  the  (lifTcrcnce  in  the 
tensionn  on  the  two  ondn  oi  (be  .strajj  wus  4  lb.  weight.  I''iti(]  the  output  at 
thi«  speed,  expressed  in  hon*e-power  and  aUo  in  watts. 

SOLUTION.- 

.5  3(MX»\ 


[ft.-Ib.  mT  socl 


(2^ 
\      12 


5.50 
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fPBOBl-KSi. — A  firo-fTiKiiio  puiiip  of  i^y/t  efficiency  lifts  2400  lb.  of  water 
(icr  min  rhruu^h  a  vertical  height  of  15  ft.,  and  (ILHcharfeeH  it  ihnKi^lt  the 
borijcontA]  norzJi'  with  a  siH-od  uf  20  fl.  per  st'c.  Find  the  borse-power  of 
Ibc  eofcine  rcfpiirr*]  to  ojierati;  the  ]mriip. 

Solution. — The  work  done  by  the  pump  in  one  aomnd  eiiuala  the  sum  of 
ihtf  wnrk  requin*d  to  raise  2400  lb.  15  ft.,  and  that  rt^quirod  to  impart  to  it 
a  horizontal  velocity  of  20  ft.  ncr  ace.  Thus,  the  work  done  in  one  second 
by  the  pump  is 


b     by  tnepu 


2400X 


60 


15     l/2400\ 
"^\32.1/ 


20)3  =  15.550  ft.  lb.  iKTBCC 


Since  the  efficiency  of  the  pump  is  only  80*^{,  the  engine  must  supply 
power  umountinf;  to 

"ft .-lb.  persw.    lOOl      15550X100 
560  "so      ~    550X80 


HP. 


35.3. 


99.  Kinetic  Energy  of  a  Body  in  Linear  Motion. — Kinetic 
eDerg>'  has  bc«^n  defined  us  tiiat  energy  whicli  a  system  poBueeses 


i 


I 
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because  it^  parts  are  moving  with  respect  to  each  other.  The 
kinetic  energy  of  any  sytrtpm  wiuld  then  bo  determined  if  all  the- 
part«  were  to  be  brought,  to  rest  with  resp)ect  to  each  other,  and  the 
amount  of  work  determine*!  that  the  system  could  do  against  the 
forcc8  that  brought  its  parts  to  rest.  As  we  have  already  con- 
sidered the  laws  of  uniformly  accelerated  motion,  and  since  xmi- 
fonnly  accelerated  motion  is  producetl  by  a  constant  force,  a  con- 
venient way  of  determining  the  work  that  a  nu>ving  lx)dy  can 
do  is  to  let  a  constant  force  act  uf>on  it  until  it  comes  to  rest,  and 
then  find  the  amount  of  work  that  the  bt>dj'  dtn's  during  this 
time. 

Supjxjse  that  in  overcoming  a  constant  force— F  the  body  is 
brought  to  rest  in  t  secx>nds,  and  that  dviruig  this  time  the  body 
traversed  a  distance  x  with  a  uniform  acceleration  —a.  The  nega- 
tive signs  before  F  and  a  indicate  that  the  directions  of  the  forcej 
and  the  acceleration  are  (opposite  to  that  of  the  <lieplacement.  It  ™ 
follows  thatr  when  moving  with  the  velocity  r  the  kinetic  energy 
of  the  body  was 

l^q--Fx]=-tmix. 

On  setting  the  final  speed  of  the  body  v,  equal  to  zero  in  (32)  s,ni) 
(33)  and  then  elitninating  t  between  them,  we  obtain 

—ax  —  iv. 

On  HubatitutiuK  this  value  of  —ax  in  the  preceiiing  equation  we 
obtain 

Wl^-max]  =  im^ (81) 


If  m  be  measure<I  in  grams  and  v  in  centimeters  per  second, 
W  will  be  expressed  in  ergs.     If  m  be  measured  in  British  engiueer-fl 
ing  units  of  matis  and  i'  in  feet  per  stu'ond,  W  will  be  expressed  in" 
foot^I)ounda.     But  if  m  be  measure<i  in  p(nmds  and  v  in  feet  j)er 
second,  W  will  not  be  nxpn\ssed  in  foot-pounds,  but  in  terms  of  a 
unit  of  work  called  the  foot-poundal. 

In  driving  a  nail,  the  kinetic  energy  kist  by  the  hnrnmcr  in  coming  to  rf^t 
is  tmnHferrod  lii  the  imil,  thereby  seltinK  the  nail  into  motion.  The  rtm- 
eiderable  energy  received  by  the  nail  is  expended  in  doing  work  through 
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ibort  distance,  and  therefore  with  great  force.  This  force  is  sufRcienl  t^^i  over- 
eocne  the  reeofttanoe  to  peaotration  ofTerofl  b}*  the  wuud.  If  the  resistance  to 
penetration  is  very  great,  the  imil  will  adviini«  u  very  short  ilistanpe  and 
hence  with  enormous  force.  If  the  nail  is  not  very  rigid,  it  will  break  or 
bend.  A  maJlet  drives  nails  le^  well  then  a  hajnmer  because  the  deformation 
of  the  head  causes  an  absorption  of  enei^  which  in  the  case  of  the  hammer 
would  be  inverted  to  the  nail. 

in  chipping  iron  or  granite,  a  great  force  is  required  at  the  chisel  eJgc  for  a 
vefv  short  time.  In  cutting  wood  and  soft  stone,  a  force  is  required  thiit  in*  of 
lev  magnitude  but  of  longer  duration.  In  the  fimt  r'ase  one  wtiuld  ii.se  a 
hammer  of  rather  small  moss  tliat  would  rebound  ou  striking  the  chiisel. 
In  the  seoond  case  one  would  use  a  mallet  of  larger  mass. 

When  the  wheels  of  a  moving  vehicle  strike  an  oUwiacle,  an  ticri'lorntion 
is  given  to  the  load  and  vehicle,  and  there  is  an  alwoqitinn  of  kim-lir  energy. 
U  the  vehicle  have  springs,  less  acceleration  is  given  to  thL'  lf*ad  and  tlicre  is 
ten  absorption  of  energj*.  This  offecl  is  more  iniiK*rl:;iiit  in  the  i^tiM:  of  two- 
wheeled  vehicles  than  in  the  case  of  four-wheel«l  vt!!hii':lRs  since  when  a  wheel 
of  a  Iwo-wlieeled  vehicle  passes  over  an  obstacle  onc-linlf  of  tlie  load  is  lifted, 
whereafl  in  the  caso  of  a  four-wheeled  vehicle  only  about  nneKjuartoT  of  the 
kiad  IB  lifted. 

The  kinetic  energy  of  a  rapidly  moving  stream  of  wat«r  or  steam  is  often 
wad  to  eject  ashee  from  a  steamship  or  the  ash  pit  of  a  power  plant.     In 
ng  ashes  from  a  steamship  tlirough  an  a(>ertiire  in  the  hull  under  water, 
a  stream  of  wat«r  at  lugh  velocity  traverses  the  space  x,  Fig.  90,  and  passing 

through  the  throat  y  aitd  -__„,_ 

the  out  ward-opening  valve 
z  enters  the  sea.  The 
impact  of  the  stream  of 
water  on  a^hes  dropped 
into  X  will  carry  them 
outside  the  ship. 

In  eje<Ttiug  ashes  from 

power    plant    steam   is 

If  the  ejector  pipe  Fjq,  qq.  Fig.  91. 

bends,   there   is 
ly  a  steam  jet  at  each   liend  as  represented  in  Fig.  91. 


k. 


100.  Kinetic  Energy  of  a  Rotating  Body. — In  the?  preceding; 
Article  an  exprcasion  was  obtained  for  Llie  kinetic  onerpy  of  a 
body  moving  with  a  motion  of  pure  transUition.  The  kineti<' 
energy  of  a  rigid  Ixxiy  rotating  al>oiil  ii  ILxed  axiis  with  anj^ijlar 
velocity  w  will  now  be  considcrecl. 

At  any  given  instant  any  particle  of  nia-ss  m  at  a  distance  r 
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from  the  axis  of  rotation  is  moving  with  a  certain  linear  speed  v. 
The  kinetic  energy  of  this   particle  is  \mv^  units  of  work.     But 

since  v~wr,  (31),  the  kinetic  energy  of  the  given 

particle  equals 

Now  the  enei^  of  the  whole  body  equals  the  simi 
of  the  energies  of  its  constituent  particles.  Con 
sequently  the  kinetic  energy  of  the  rotating  body 
equals,  (68), 


Fig.  92. 


Wto[  —  ^w^^rnr^]  ~  \Kw^  units  of  work, 


(82) 


where  K  represents  the  moment  of  inertia  of  the  body  with  respect 
to  the  axis  of  rotation. 

If  K  be  measured  in  grams  and  centimeters,  and  w  in  radians 
per  second,  Wn  will  be  expressed  in  ergs.  If  iiT  be  measured  in 
pounds  and  feet,  and  w  in  radians  per  second,  Wn  will  be  expressed 
in  foot-poundals.  If  JC  be  measured  in  feet  and  British  engineer- 
ing units  of  mass,  and  w  in  radians  per  second,  W,o  will  be 
expressed  in  foot-pounds. 

In  case  a  rigid  body  has  a  motion  both  of  translation  and  of 
rotation,  its  kinetic  energy  consists  of  two  parts, — one  given  by 
(81)  and  another  given  by  (82). 

Projectiles  from  rifled  guns  have  a  motion  of  translation  and  also  of  rota- 
tion. Some  such  projectiles  have  hardened  steel  noses  shaped  like  gimlet 
points.  Due  to  the  kinetic  energy  of  translation,  the  shell  will  strike  a  hard 
blow.  Due  to  the  kinetic  energy  of  rotation  it  will  bore  into  the  target  with 
great  destructive  force. 

101.  Potential  Energy. — The  potential  energj'  of  a  body  is 
measured  by  the  work  it  can  do  in  going  from  its  given  position 
or  condition  to  some  standard  position  or  condition.  Consider 
the  particular  case  where  the  potential  energy  of  the  body  is  due 
to  the  attraction  between  it  and  the  earth.  If  a  body  of  mass  m 
be  lifted  a  distance  A,  the  work  done  upon  it  will  be  mgh.  Conse- 
quently the  work  that  it  could  do  while  descending  a  distance  A 
is  also  mgh.  That  is,  when  a  body  of  maae  m  is  lifted  a  distance  A, 
its  potential  energy  is  incp  mgk,    Sinoe  no 
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work  is  ivquirod  to  movr  a  iMxly  in  a  dinviion  r>orpcn(iicuIar  to 
the  rosultjuit  forco  that  arts  \\\>*m  it,  tho  iM>tot»tiaI  cnorgy  of  the 
hotly  Ls  not  altered  by  moving  the  l>ody  horiwmiully.  Since  the 
potential  cnerg>*  of  a  Ixxly  is  the  sanie  at  all  poiiU.s  of  any  one 
imrizontal  surface,  a  horixontid  Hurfaee»is  w.»metinies  calletl  a 
^avttnlional  equipoteiUial  surface* 

If  a  iMxiy  be  moved  from  any  position  A  to  some  other  position 
B,  and  the  only  force  that  opiM)ses  the  motion  is  its  weight,  (lien 
the  work  done  ia  the  same  no  matt^-r  aU>nK  what  path  the  IwHly 
pMBes  from  A  to  B.  For,  any  path  may  be  resolved  into 
a  seiieB  of  stepn.  part  of  the  eom[K>nent;^  heiii^  vertieal  and  the 
real  horizontaJ.  Along  the  horizontal  eoni|xments  no  work  is 
done,  ajid  the  sum  of  the  vertieal  eoni[H)neida  Is  the  difference 
l»etwecn  the  hfijthts  of  the  two  pjven  i><Mnls.  The  above  is  a^ 
particular  vase  of  the  following  general  proiKisition: 

When  a  body  i«  mot'ed  frani  mm  posiiUm  to  utiothvr  aloiiq  any 
JritiiwdcHti  path  ami  ugainM  any  scX  of  fovctn  which  remain  vtmntanl 
in  dnecttan  and  magnitude  during  the  displacement^  the  work  done 
w  independent  of  the  path. 

In  strirtness,  it  is  not  correct  to  speak  of  the  potential  energy 
of  a  Ixxly,  because  the  energ>'  i^eally  Ix'longs  to  whatev(*r  agent  is 
under  stress.  But  in  order  to  avoiil  sueh  circumloctitions  as 
"the  potential  energj*  of  the  ^strained  medium  between  the  parts 
of  the  given  fl>'stejn  of  bodies"  custom  has  sanctioned  sueh  expres- 
sions as  •'  the  iwtential  energy-  of  the  given  bo<1y  with  resptx-t  to 
the  earth."     When  the  context  shows  what  is  taken  to  ]>e  the 

dard  position  from  which  potential  energA'  is  reckoned,  it  is 
FAmmon  to  speak  sinijily  of  the  "  potential  energy  of  the  IxKiy." 

If  one  keeps  clearly  in  mind  that  potential  energ,v  always 
implies  a  system  under  stress,  and  does  not  refer  to  a  single  body, 
one  will  not  be  confusetl  by  such  a  paradox  as  the  f*)llQwing: 
"When  a  body  falls  fre<'ly,  gravity  does  work  upon  it,  thus  (v»n- 
tinuaUy  increasing  its  energy',  yet  at  every  point  of  its  fall  the 
mm  of  its  kinetic  an<l  |)otential  energies  is  the  same  as  when  it 
i^tarte*!  to  fall." 

102.  The  Sum  of  the  Kinetic  and  Potential  Energies  is  Con- 
stant— Thai  greatciit  uf  all  the  generalizations  of  physics — the 
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principle  of  the  conservation  of  energy — has  been  enunciated 
Maxwell  in  the  following  fomi :  ' '  The  totid  energ>'  of  uny  material 
system  can  neither  be  increased  nor  diminiiihed  by  any  action 
between  the  parts  of  the  system,  though  it  may  l>e  transferred  into 
any  of  the  forms  of  which  energy  is  susceptible."  Since  energy 
can  be  only  kinetir  and  potential,  it  follows,  as  a  direct  deduction 
from  the  above  principle,  that,  so  long  as  no  external  forces  act 
upon  a  system,  the  sum  of  its  kinetic  and  potential  energies  m 
be  a  constant  quantity. 

Falling  waUt  decnMises  in  potential  encrgj'  and  either  gai 
in  kinetic  encrg>'  itself  or  imparls  kinetic  energy  to  something  e 
As  the  distance  from  Ihc  carHi  to  the  sun  incn^itscs  from  mid 
winter  to  riiidsunuiicr,  the  jx)t(uitial  energy  of  the  .system  increases 
and  the  kinetic  energy  decreases,  causing  the  speed  of  the  earth 
in  it^  orbit  to  diminish. 


act 

1^1 


Solved  Prublruk 


PiumLBM — A  fllwl  witti  rkli^r  WL'iiijhinK  9G.3  lb.,  reaches  the  foot  of  a  hill 
70  fct't  high  with  a  ppeotl  of  -lO  feet  jicr  scwnd.  Find  the  amount  of  work  douA 
ogniii^t  friction. 

StiLiiiioN. — Tl»e  work  duno  against  friction  eqiud^  llie  difference  betw 
the  etu^rg)"  of  the  slott  and  ricJer  when  at  the  top  of  the  hill  and  when  at 
lH)tt<>ni.  Wlien  at  n*l  at  ihv  top  of  the  hill  all  of  the  energj'  is  potential  and 
is  Riven  by  the  oqnation  U',  =rngh.  Wlieu  at  the  bottom  of  the  hill  all  of  the 
energ>'  i.s  kinctit!  and  in  given  by  tlie  equation  Wt—\msK  Consequently, 
the  work  done  against  friction  is 


hill 


W^Wi-lTt  '=viifh  -  Inw^ 


32.1 


(32.1X70) 


2  L32.1J 


(1600) 


4341  ft  .-lb 


Problem. — Find  the  liorse  jKJwer  required  to  haul  a  car  weighing  I00,( 
pounds  weight  at  the  rate  of  30  mi.  per  hour  up  a  2%  grade  when  the 
ance  of  friction  is  5  lb.  wt.  per  IfXM). 

SouTTtoN. — In  Fig.  93   the   line  AB  repreaentA   the  weight   of  the 
(  =  100,000  lb.   wt.);   AE  represenfa  the   component   nf   this  weiglit  doi 
the  plane  {=AB  sin  0);    AC  represents  the  force  normal  to  the  roadl 
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(=iiB  cos  ^);  ED  r^>reeeDt8  the  force  of  friction  {-bXAC,  where  b  is  the 
oo^cient of  friction) ;  and  AH{^AE-\-ED)  represents  the  force  that  must 
be  exerted  up  the  plane  in  order  to  just  over- 
come friction  and  the  oomponent  of  gravity 
down  the  plane. 

Since  a  hoise  power  equals  550  ft.-lb.  per 
second,  if  the  above  force  expressed  in  pounds 
weight  be  denoted  by  F  and  the  velocity  in 
feet  per  second  be  denoted  by  f ,  we  have, 

Horse  power -g^. 

Agiain,  since 

AH=AB  sin  ^+&(Afi  cos  ^) 

^-100000  (sin  l°9'+0.005  cos  1**9')  lb.  wt. 

Therefore, 

„                      100000  (sin  1°  9' +0.005  cos  1**9')     30  (5280)    .^ 
Horse  power^ ^ ^ 3600"  =^00. 

pROBUSU. — ^The  mass  of  a  flywheel  is  500  lb.  and  its  radius  of  gyration 
is  2\  ft.  Calculate  what  horse  power  applied  for  one  minute  will  develop  an 
angular  speed  of  180  revolutions  per  minute. 

Solution. — From  (82)  the  kinetic  energy  of  a  body  of  moment  of  inertia 
K,  rotating  with  an  anguUdr  speed  w,  is 

From  (76)  the  moment  of  inertia  of  a  body  of  mass  M  and  radius  of  gyra- 
tion A:  is 

An  angular  speed  of  180  revolutions  per  minute  equals  3  revolutions  per 
second,  or  3X2»  radians  per  second.     Whence, 

Wro{^\Kw*'\Mkhv^  =  ^A  ^'*^)(2i)»](Gir)'  =  17280  ft.  lb. 

By  definition, 

-,  ^      ft.-lb.  i>er  800. 
^•^'^    550 

Therefore,  in  the  present  problem,  since  the  i)ower  is  applied  for  1  min., 

17280 
"'*^-     60X560 ^•^^- 
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1.  In  order  to  haul  a  heavy  train  up  a  steep  grade,  engineers  try  to 
the  foot  of  the  grade  with  tlie  gretil^^t  iHH^siblt'  ^|MH;d.     Why? 

2.  A  boy  riding  iit  u  waguii  i«  moving  irvitli  the  wagon  and  therefore 
kinetic  eucrg>'.     Ho  juini)s  out  of  the  hack  of  the  wagon  in  such  a  way 
be  drops  straiffiit  down   tu  tlio  ground  witliout  muviiig  either  forward 
huckwanl.     What  hixs  bovainc  of  his  energy? 

3.  A  (wnduluni  KwingK  in  the  arc  oi  a  circle.     Wtuit  kind  of  energy 
il,  (o)  at  the  end  of  the  initli,  (h)  at  the  middle  of  the  path,  (r)  at  a  point  o 
fourth  of  the  distance  from  the  end  of  its  path?     Wliat  is  the  measure  of 
amount  of  energj'  it  possessed  at  the  end  of  its  path?     At  the  middle  point 
How  ilo  these  two  values  w)m{>are? 

4.  A  particle  of  smoke  when  it  comes  out  from  thr  funnel  of  a  st 
into  still  air  is  moving  with  tlie  sjMvd  of  the  steamer,  and  therefore  lias  kinetie 
eiiergv'  with  res|)eet  to  the  e^irth.  It  ntxm,  however,  takes*  up  the  motion  of 
the  air — that  in,  it  Iohoh  it«  motion  and  consecpiently  its  kinetic  encrgj*.  What 
has  becfime  of  it«  energy? 

6.  If  a  bicycle  rider  takes  his  fei^t  <ifr  the  jiodaln  at  the  Imttom  of  a  hill,  he 
will  ascend  a  certain  distance  against    the  force   of  gravity.     Where  doee^ 
the  energy  come  from?  ^M 

6.  Hy  aiip]>-ing  a  constjint  force,  a  horae  dmw«  a  carria|:e  along  a  level^ 
road  at   a   constant   «[H^^■*1.     in)  liwa   t'!K'rg>'   accumulate   in   the   carriage? 
(h)   Whiit  kind  of  energy*  doet«  the  carriage  |)o«s<»is.s?     (c)  U  the  carriage  were 
drawn  up  ti  hill,  would  energy  accumulate  in  the  carriage?     (ti)  If  the  carriage 

is  in  uniform  motion  at  the  top  of  the  hlU,  give  the  value  of  the  energy  it  pottjH 
scsses.  ^1 

7.  Is  then-  any  difTcrence  in  the  amount  of  work  required  to  bring  a  wagun 
wheel  to  rcjit,  (tt)  when,  after  y)oing  raised  olT  I  lie  gnimid  it  is  spinning  on  the 
axle  at  a  given  angular  »pec<i,  (h)  when,  iJter  In-ing  remi^ved  fnmi  the  wagon 

it  i.s  rolling  along  hi>nzontaI  gronnr]  with  the  munr-  nnguhir  8]M■«^d?  ^h 

8.  A  sphere  rolls  and  a  sled  of  equal  mass  Hliden  nidr  by  side  down  au  iB^| 
elini**!  jilafM-       If  tlir  rrirtion  i>f  the  Hied  ninnen*  is  nrnhgihle,  show  that  at  the 
b(Htom  of  the  hill  the  linear  speed  of  the  mihen*  will  he  less  than  tliat  of  the 
sled. 


^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^t    ^^^^^^^^^^^^^^^^^^1 
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THE  C.G.S.  ABSOLUTE  UNITS  AND  THE  F.P.S.  GRAVITA-                ■ 
TIONAL  in^JITS  COMPAHKD                                             ■ 

System  of  Units                                 | 

Quantity 

C.G.S.  absolutti 

K.P.^,                         ■ 

gravit4itionat  or                 H 

British                        ■ 

engineering                   J 

hspiatrmtra 

linear  |x] 

can.* 
radiant 

radian                                  ^ 

Lini-ar  l\f\ 
AhguUr  lA:-2<mr»)| 

Rram 
gram-cm.* 

32.1  [wuudst  or  i^lug           I 

ruii*w 

aec. 

I 

linear    r  = 
AnKUlnr     w  =  - 

cm.  per  see. 
radian  per  sec. 

ft.  per  sec.                      ^^^| 
radian  per  soe.fi             ^^^| 

linear  [a-"';"-] 

Anguuu*     A  ■■  —  ~  - 

cm.  per  sec.  per  sec. 
radian  per  aec.  per  sec 

ft.  per  sec.  per  sec.               I 
radian  per  sec.  per  sec.           ■ 

Vom  I/*— imI 

dyne  I|                           I  pmind  »i.                             | 

^orfpAc\L''l.\Fz)\ 

dynt^im. 
dyncM^m. 

puund-ft. 
pound-ft. 

I'orA  ( IK -fj( -/.♦)! 

erg     1 

ft. -pound 

ergperser.     •• 

ft.-poiind  per  aec.    tt 

^'flinOui^  Energy 

erg 

ft.-pound 

ICinctic  Energy 

org 

ft. -pound 

*  Othrr  umU  of  linear  (lii|ilM'Ciupnt  In  frrqueiit  um  ftr«  tho  raillimeter  (mm.),  tbe  mu>roD              H 
^,  ttw   niilliimrron  '.m^)  <jr    mifniitiitlimrler  (^mK   >nd    the   AneBtrAin    unit  (.a).      (1   mm.               H 
-01     fni  ;    U-O.OOI     mm;     1    i«m-I    w  =0,001<» -0.000001    mm.;    la.-10'">   meUr     ^^H 

»a  1mm- -u*a.iuih,i                                                                                                      ^^^H 

t  inUt*  umuuf  ansulmrdisplacvmeal  are  th«  mil.  the  deiree,  «nd  the  revolution.     |lrvv.    ^^^H 

1^400*  'tViOO  nab  -Jr  ritdiN"!!  I                                                                                                               ^^H 

S  Tlw  nutncficttl  corffirinnF  ia  not  m  rtinjiLanr  quantity.                                                                                ^H 

I  1  rrr    per  Oiinute  -~^  ra*Uau«  par  •ocond                                                                                                       ■ 

II  1  mMKdyne  -  I.OOO.tKX)  (lyn*a.      1  mvXnc  ton  -l.OOO  Kg.  wL                                                               H 
1  t  m^k^K  =l.(iao.tNX>  >'ia".      1  jouli* -tO.DOO.OOOcrga.                                                                           H 
**  1  wait  •  10.000,000  erB>  rx-r  tM'cond.                                                                                                       ■ 
ft  MO  ll.-lb  per  aoo.  ia  called  a  bonn-p-mrr.                                                                                     V 
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103.  Pressure. — All  boiiira  yield  gradually  to  forces  which 
tend  to  change  their  fonn.     The  property  of  a  body  by  virtue 
of  wliich  time  is  required  to  change  its  fonu  is  ealled  riftcxmt^.   ^| 
A  lx)dy  iwssessing  small  viBcosily  is  said  to  lx>  mobile.    The  rcsistfl 
aneo  whii^h  a  Ixxly  offers  (o  a  change  of  fonn  is  eallwi  ri^idiiy. 
The  propi^rty  of  chanpng  form  under  continuous  stress  with  tb^_ 
developnieiit  of  but  stnall  reaction  is  calici:!  plaaiiciiy.  ^| 

A  body  ixxssessing  considerable  rigidity  is  called  a  solid^  while 
a  botl>'  i>oKK<*SHing  little  rigiciity  is  ndled  n  fluid.  A  ix^i-fect  solid  is 
a  body  that  does  not  remain  distorted  after  the  removal  of  a  stress. 
A  -perfect  fluid  is  a  body  that  may  l>e  defunned  by  \\x\y  foi 
however  small.  Fluids  are  divided  into  hquids  and  gases. 
solid  lias  a  HhajH?  and  a  volume  of  its  own.  A  litjuid  has  a  vohii 
of  its  own,  but  takes  up  tlic  shape  of  whatever,  contains  it. 
gafi  has  neither  volume  nor  shajx'  of  its  own. 

By  (lie  presjntre  P  of  a  fluid  at  a  given  point  is  meant  the  force 
F  exerted  by  the  fluid  t)er  unit  of  area  -4  in  the  specified  region. 
That  is, 

"'i 


ress. 
>roqfl 


Fluid  pressure  is  often  called  hydrostatic  pressure. 

If  F  be  nieasuivd  in  pounds  weight  and  -4  in  s(|uare  me 
P  will  be  expre-ssed  in  pounds  weight  per  square  inch,  the  word  per 
signifying  that  to  get  the  number  that  expresses  the  pressure 
dinde  the  number  of  ix)unds  weight  by  the  niimlver  of  s<|ua 
inches.     When  the  prcs>sure  in  a  boiler  is  s^iid  to  be  ICX)  lb.,  it 
really  meant  that  the  pressure  in  the  boiler  is  100  lb.  wt.  per  square 
inch  plus  the  pressure  of  the  air  outside  the  boiler.     Other  uni 
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for  pressure  are  the  pound  weight  p(?r  square  foot,  (Jyne  per  square 
cenluncter,  etc.  Pressure  is  often  expressed  in  centimeters  of 
menmry,  inches  of  water,  etc.,  these  exprcs^aons  meaning  the 
hci|^t  of  the  <x)lumn  of  niercun/  or  water  that  the  given  pressure 
would  support.  Pri^Hsure  Ls  also  expressed  in  atmospheres,  one 
atmoephere  being  the  pressure  that  the  air  about  us  usually  exerts. 

104,  General  Properties  of  Perfect  Fluids  at  Rest — A  perfect 
fluid  is  a  IxkIv  ihat  can  U*  deforiued  Itj'  any  force  however  small. 
Frooi  this  definition  can  be  deduced  several  general  properties. 

(o)  In  cast  of  a  fluid  at  rest,  the  force  it  exerts  an  any  surface  in 
amiaet  with  \i  m  iist  be  nonttal  to  the  surface, 

Convcraely,  at  any  point,  the  surface  of  a  fluid  at  rest  nmst  be 
Domud  lo  the  n^ultant  force  acting  at  the  assigned  point.  For 
exmniple,  in  the  case  of  a  U<iuiil.  if  its  wvight  Ix-  the  only  force 
aciir»g  upon  it,  the  free  surface  of  the  lir}uid  will  lie  horizontal. 

{b)  At  any  paint  wiihin  a  fluid  at  resij  the  pressure  is  equal  in  all 
ihredions. 

{c)  If  <t  fluid  completely  filling  a  ttessel  is  free  from  the  influence 
t^^nVUy  ami  other  external  forces,  it  will  vxert  (he  mme  pn-tisure  at 
aU  poifUs  throughout  the  fluid  and  at  ail  points  against  the  walls  of 
the  cestfs^. 

The  preceding  law  (r)  governs  the  action  of  the  hydnwtatic  preas.  This 
tnarhine  oooatsta  coBexitially  of  two  cylinders  of  different  dintneterH,  cloned  by 
Ijistons.  and  (xmnef^tod  by  a  tube.  The  eylinder»  and  the 
tiihe  an!  hlled  with  Hquid  Let  the  areas  of 
etom  nfction  of  the  ptstons  iic  denotod  by  A\  and  A^ 
napectrvdy.  If  a  fon***  fi  be  applied  to  the  pmUtn 
hftving  the  arcm  .4|.  a  force  Fi  must  be  applie<i  to  the 
pofiao  havifin  the  arm  At  in  order  Ut  !>alancc  the  force  F^. 
Sirirc  the  prcamuv  w  tranjmiitt«l  e<|ualty  thnmghntit  the 
liquid,  the  pn3B*i/>vw  on  the  two  pirti^nmarc  e(|ual.  That 
Ur  the  fort'e  Fj  w  given  hy  fhr  oqiiutitin 

Ai'At 

By  thia  devire  a  amall  force  nppliofl  to  a  KnuiU  pinton  can  produce  a  great  force 
on  a  Lain^  pititoit 

In  the  specuU  cuse  of  a  liquid  in  u  vessel  o|>en  to  the  air.  there  ib  a  uniform 
pmBiin.*  on  the  Irer  fliirfnee  of  the  liquid  diio  t**  the  weight  of  the  air.  This 
.pvoducaa  tmifonn  pressure  throughout  the  liquid  and  agaimtt  the  walls  of  the 


£ 


Fig.  94. 
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vessel,  exactly  as  though  the  inoiitU  (if  titc  vessel  were  rlosed  with  a 
actcfl  upon  by  a  pressure  eqfinl  to  that,  of  the  atmosphere. 

106.  Fliiid  Pressure  Due  to  Weight. — In  the  case  of  a  fluid 
at  a*st,  the  pre.s.surc'  at  two  points  lying  in  the  same  horizontal 
plane  will  first  he  considered.  Let  A  and  B  (P'Ik.  9a),  lying  in  the 
same  horizontal  plane,  be  the  two  points  under  consideration. 
Consider  the  forces  acting  upon  a  cylindri 
element  of  the  liquid  extending  from  A  to 
Suppose  the  cmls  of  this  olonient  aiv  norraaJ  to  i 
axis.  Acting  on  this  clement  are»  (a)  the  op; 
sitcly  directcvi  thrusts  on  the  end  fanes;  (b)  the 
thrustj^  on  the  curved  surface;  (c)  the  weight  of 
the  fluifi  composing  the  element.  The  only  forces 
acting  in  the  direction  of  the  axis  of  the  element 
are  the  thrusts  on  the  ends  at  A  ami  fi.  Sinc(»  the  liipiid  is  at  rest, 
these  forces  nmst  be  equal  and  oppoait^*ly  directed.  Since  the 
areas  of  the  two  end  faces  arc  equal,  it  follows  that  the  fluid  pres- 
sure at  A  equals  that  at  B.  Consequently,  i?}  Ike  case  of  a  fluid 
at  Test,  the  pressuTcs  are  eqrnil  at  all  -points  in  the  same  hartzorUal 
plane.     This  is  sometimes  called  the  I^w  of  Balancing  Coluinnd. 

The  pressure  at  any  point  in  a  fluid  depends  upwn  the  dep 
of  the  point  below  the  surface.  The  pressure  of  a  fluid  at  a: 
point  will  now  be  determined.  If  there  is  no  force  acting  u 
the  fluid  except  that  due  to  it«  own  weight,  the  total  force  actini 
upon  any  horizontal  surface  of  area  A  at  a  distiiuce  h  below 
upper  surface  of  the  fluid  is  equal  to  the  weight  of  a  column  of  t 
fluid  of  height  k  and  area  of  cross-section  ,-1.  If  the  mean  densi 
of  the  fluid  be  denoted  by  Z>,  the  mass  of  this  volume  is  DAh, 
its  weight  is  DgAh.  Whence,  the  pressure  downward  at  Lhi 
given  point,  due  to  the  weight  of  the  fiuid  is 

"Hl-^/^-^^ («) 

If,  in  addition  to  the  weight  of  the  fluid,  there  is  acting  od  i 
surface  a  prt^ssure  of  magnitude  Pi,  llu'  pressure  at  any  point  i 
the  fluid  at  a  distance  h  l>eIow  the  upper  surface  is 


P'  =  P+P,=/>(/A+Pi 


WORTATK 

This  pressure  is  independent  of  the  shape  of  the  containing 
vessel 

For  instance,  in  Fig.  95  the  pressure  at  il  is  as  great  as  that  at 

^although  the  height  of  the  flnicJ  column  above  .4  is  less  than  that 

above  B.     The  reason  is  that  the  horizonttil  j^urface  of  the  vessel  at 

C  presses  down  u|x»n  the  fluid  iniincduiiely  under  it  just  as  hard 

as  the  fluid  at  the  sanie  level  near  D  presses  down  upon  the  fluid 

it.     If  the  horizontal  surface  of  the  vessel  at  C  could  not 

downward  with  this  force,  the  pressure  of  the  fluiiJ  would 

this  part  of  the  vessel. 


A  popular  slalemftnt  of  the  law  thai,  in  Iho  case  uf  a  lluitl  at  rest  the  prw- 
mrcs  are  equal  at  all  iwints  in  the  aanjc  horisontal  plane,  ir  that  "fliiida  find 
their    own    level"      This 

^ A 


Fig.  96. 


statement,  however, 
ehould  be  um^d  with 
caution.      For    example, 

ler  a  rest-rvoir  R, 
96,  with  wator  level 
fit  A .  Sup]Kif^  that  the 
water  main  after  leaving 
the  Rflervoir  dcserndH 
into  A  valley,  thence  pas- 
aes  over  a  hill,  and  finally 
empties  at   a   point   0  at   a  lower   level. 

Since  air  U  lif^hter  thiin  water,  any  air  that  may  bo  carried  along  by  the 
water  wiU  (cradually  collect  on  top  of  the  kill.  There  may  thus  be  furiueii  in 
lt>e  bend  of  tlip  pipe  an  "air  block  "  which  rompletely  breaks  the  water  column, 
fiinec  the  density  of  air  is  small  compared  with  that  of  water,  the  pn-flsurc  on 
the  water  surface  at  C  will  be  only  sliRhtly  Kreater  than  tlial  at  B.  The 
prHHUire  at  D  ie  Icsb  tliaii  the  pressure  at  C  by  an  amount  which  depiuidft  Ufmn 
the  height  CD.  Tbus  If  AB  is  less  than  CD,  the  water  may  stop  flowing,  even 
though  .4  Is  higher  than  D. 

Ill  practice  a  valve  m  placed  at  V  whieh  T>erruit«  air  1j>  escape  but  prevents 
the  c»CBpe  of  water.  If  the  valve  opemlea  prf)[>erly  iin  air  block  is  not  pro- 
duced, 

It  is  BumetimcM  ob«erve<t  that  the  gas  jet«  in  the  upper  part  of  a  tall  build- 
ing burn  inone  brightly  tlum  do  those  in  the  lower  stories.  Does  thifl  mean 
that  the  gaA  prwMire  is  greater  on  the  upper  Hooni,  and  that  it  would  be  to  the 
advtLnfjige  of  the  consumer  to  have  his  meter  placed  in  the  attic  instead  of  in 
the  cellar? 

Coutider  a  tube  XYZ  filled  with  gafl  and  open  to  the  air  at  Z.    The  pre«- 
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sure,  P,  of  the  pus  at  the  open  end  equals  thnt  of  the  atmosphere  at  the 
level.     Let  the  pnajsuru  of  the  gas  in  the  tube  at  the  le\'el  of  A*  be  dpjiot«l 
^-^  P\,  and   the  pressure  of  tlie  air  at  the  saine  level  by 

^  Denote  the  mean  density  of  the  gas  from  A'  to  Z  by  Dg, 

and  the  mean  density  of  the  air  l>etwwu  the  same  leveb 


A- 


y  J/ 


i^J-a-i- 


4 


by  fta 

Then,  {torn  (86), 

Px^P-D^gh' 
and  Pt  =  P-Dcgk'. 

Fig.  97.  Whence.  Px-Pt-=yh'{Ua~0,). 

Conftequently,  if  the  density  of  the  gas  is  leas  than  that  of  air,  the  pressure 
inside  the  tube  in  iilway«  ureater  than  the  pressure  nut«ide  at  the  same  levd, 
and  thi.s  difference  of  pressure  will  be  grcjiler  for  ix)int£i  at  greater  elevations 
timn  for  points  at  luwer  rievatiuiis  That  is,  the  pressure  of  the  gas  at  any 
point  in  the  tube  dimini^hert  an  I  lie  elevation  ts  increjwtHi,  hut  the  diflferenee 
betwe<!n  the  prcsaun^  of  gas  inside  the  tube  and  that  of  the  air 
outfiide  of  the  tube  at  the  same  level  inereasei*  oa  i\w  elevation 
is  inereasod  Therefore,  the  gas  CBeapinn  f^iin  un  opifiee  at  a 
considerable  elevation  has  not  greater  pressure  uur  density  than 
the  gas  which  escapes  from  an  ori&ee  at  a  leas  elevation. 

106.  Atmospheric    Pressure.     The    Barometer.— If 

u  long  Uilx-  Ali,  rig.  98,  closed  at  one  end,  Lk*  filled 
witli  liqiii*!  an<i  then,  without  any  uir  lioing  fuiinitt^, 
the  oj)en  end  1k»  Hulunerfred  in  a  reservoir  of  the  same 
liquid,  then  the  eohiniu  of  liquid  in  the  tnlx^  will  lx»  held  in 
e<|uilibriuni  under  the  aetion  of  the  weiRht  of  the  liquid 
in  the  tulw  and  the  pressure  on  the  Hurface  of  the 
liquid  in  the  reservoir  due  to  the  weij^ht  of  the  atmos- 
phere. It  was  shown  in  the  previouH  article  that  the 
pressure  Ls  (he  same  at  all  point e  of  any  speeified 
horizon Ia!  plane.  The  oidy  pressure  on  the  free  surface 
of  the  liquid  in  the  reservoir  is  that  due  to  the  weight 
of  the  atmosphere.  The  pressure  at  the  same  levcJ 
inside  the  tube  is  Dgh,  where  D  is  the  density  of  the 
liquid  and  h  is  the  height  t>f  the  free  surface  of  the  hquid 
in  the  tul)e  above  the  free  surface  of  the  liquid  in  the 
res4^rvoir,  plus  the  pressure  due  to  tlie  vaix»r  almve  the  Hquid 
column.    Consequently,  the  pressure  of  the  atmosphere  is 
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where  Pi  is  the  very  small  pi-essure  duo  to  the  vapor  nf  the  \'\(\\m\ 
I  Above  the  column  of  Uquid  in  iho  lul>G.  This  projisure,  P\,  is  so 
timt  it  is  ueutiUy  negligible  compared  with  Dgh. 
Tlie  apparatus  above  described  was  devised  by  Torricelli  in 
15i4  and  is  called  a  barometer.  The  lengtli  h  of  the  vertical  cohimn 
of  liquid  supporte^l  by  the  atmosphere  Ih  called  the  barometric 
height  at  the  given  place  at  the  8p4*rified  time.  The  buronu^tric 
height  15  different  for  different  places  and  at  different  times.  At 
sea  level,  at  latitude  45**,  the  mean  barometric  height  is  alM»ut 
76  centimeters  of  mcrcur>'.  That  is,  the  atmosphere  will  supp<irt 
a  ooluiiin  of  mercun,'  7t)  cm.  high,  and  the  afmoripherirpressme 
said  to  l>e  '*  76  cm.  of  mercury."  The  pressure  may  also  l>c 
[I  by  saying  that  it  is  "  one  atmosphere."  It  may  also 
in  terms  of  (84).     Thus, 

P=Z>j;A  =  13.596X980  X7H  dynes  per  wj.  em. 

=  1.013X10"  dynes  per  stj.  era. 

=  14.7  pounds  weight  per  sq.  in. 

107.  The  Open  Manometer. —  Hy  halanring  tho  pressure  of  a  gaa 
Bgainst  tilt'  prtssMUt!  due  to  the  weight  of  a  column  uf  liquid  of  knuwu  detmity, 
tbe  pressure  of  the  gaA  can  bo  det^'rmined.  I^et  an  open 
glaoB  tube  .\B  fFig.  90)  containing  aunie  liquid  (eg,,  water 
or  mrrrury)  be  bcnl  as  in  the  fipire  mid  joined  by  oun  end 
to  the  vesBcl  H  eontnining  the  goa  whose  pressure  in  sought. 
If  tbe  pressure  of  gaa  in  the  reservoir  is  different  than  the 
I»t«»aiir  of  the  air  outside,  there  will  be  n  difTercncc  in  level 
the  liqiud  in  Uie  two  Anim  of  the  tuUv 

prewurc  on  the  li(iuid  surface  at  A  is  the  atmos- 
ic  preesure  P.  The  pn'ssure  in  the  li<iurd  at  (',  whieh 
distance  A   below  the  surface  at  A,   is  by  (S4)  greater 

the  pmsure  at  A  by  an  amount  Dgh,  where  D  denotes  the  density 
the  bquid  and  g  the  aecelcration  due  to  gravity  If  the  jwint  C  is 
rhosen  at  the  sarne  level  as  the  top  of  the  liquid  at  B,  then  the  preBSuro 
at  B  equals  tlie  pressure  at  C.  Hut  the  pressure  on  the  liquid  surface  at  li 
id  the  desired  pwssure,  P',  of  the  gas  in  the  rtaervoir.     Whence, 

r^Dgh-j-P. 

This  instrumeat  ta  called  an  open  manometer. 


i 
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106.  The  Common  Pump. — The  common  lifting  pump  fFig  100) 
ronsisLs  of  a  rylinder  supplied  with  an  upward  ofjeninis  \Ji\vc  V  aii<l  a  cloecly 
fitting  piat-on  supplied  with  un«  or  more  upwurd  opoiiing  vulve*  w.  Whilt' 
the  piaton  is  being  raiscfl,  the  valvca  tv  Hose,  tlu*  pn'snun*  irf  the  air  in  the 
lower  part  of  the  eylinder  in  diminished  l»fIow  the  litinoFpheric  preseur*'.  the 
valve  V  is  forred  open  by  the  water  U-lnw  it,  and  the  piTssurn  of  the  atmtn- 
phere  on  the  »urfaec  of  the  water  into  wliieh  dips  the  end  of  the  nupply  pipe 
forces  wj|ter  up  into  the  cylinder.     If  the  piston  hv  now  lowered,  the  ppo»- 


n 


Pio.  100. 
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BUr^  of  the  water  in  A  closes  the  valvr  V  Hml  then  oi>ena  thi»  valvw  cf, 
allowing  the  water  in  the  cylinder  to  flow  aWivr  thy  piol^tn.  '  tu  aicnni  r»i.4-i 
ing  the  piston,  the  water  alwivc  it  thnvs  thn>iigh  the  outlet  O,  and  more  water 
b  forced  up  mto  the  low  proaBure  (tpace  below  the  piMon. 

The  maximum  height  h'  to  which  a  jx^rfect  lifting  pump  eould  raiw  aj 
Uquid  of  deiifiily  D'  is  givpn  by  the  condition  that  the  atmoaphcric  pnwurr 

In  the  caw  of  water.  A*  in  flZ.-l  lb  i^r  nibK  foot      The  atftHj-iphofir 
iPi'  which  supi^tift*  the  c.hnim  of  watrr  luwt  »  mi'*n  vaJtie, 

/"-H7lb  porwi  in.»li.7Xl44Ui.  per  •q.  fl. 


The  action  of  the  comuiuii  force  ])unip  will  be  inade  clear  by  a  study  of 
K«    im 

109.  The  Air  Lift — When  the  dp|)th  of  wnt^r  in  o,  well,  Ai,  in  greater 
than  I  he  hWtcht  t<i  which  wutcr  is  U}  be  ruifHtl  ab<tvf  (he  free  j^nrface,  A;,  the 
»ir  lifl  fall  Vm"  piicci'swfviUy  oinpKiytHl 

In  Fir.  102  in  repnwenl<rd  u  wf'll  (^hiiik  in  whidi  water  would  »taiid  at  the 
I'^T'l  AH  Within  the  eating  i«  ft 
pipe  wipplird  with  wmprt^^n]  air 
Air  rising  fnini  the  outlet  »if  this 
pi|>»'  fumts  bubblers  hnving  a  diameter 
nmrly  that  of  the  b<jn^uf  (ht*  cauing. 
In  moving  upward,  the  bubbles  in- 
rressr  in  siie  and  puflh  up  the  liquid 
a^iorr.  The  spare  above  the  air 
outlet  becomes  filled  with  alternate 
layers  of  water  and  air.  Then  there 
from  the  delivery  pipe  an  in- 
ittent  flow  of  water. 

At  8ulphtir.  I^Miisiiirm,  melted 
milphur  ifl  rai?wd  ul»out  .500  ft  by 
oicaais  uf  an  air  lift  rt*prcsciit<il  dia- 
fTiuxtmatically  in  Fig.  10^.  Hot 
wat^T  w  sent  into  the  sulphur-bearing 
stratum  tliroiigh  a  pipe  outside  of 
the  air  lift.  'I"he  sulphur  melted  by 
the  hot  water  i^  then  raised  by  air  prcsBurc  as  above  described. 

110.  Archimedes*  Principle. —  Itrmgine  any  [jorlion  -Y,  Fig.  104, 
of  a  fluid  ui  rr-st  t<»  Ix:  sepaiated  from  the  reiiiaiiuU'r  by  an  iiiiagi- 
naiy  enveloping  film.  Since  the  entire  mass  of  fluid  is  at  rest,  the 
por(iun  X  nmat  bo  acted  upon  by  a  force  whose  rnap:i)itLid<'  in 
rquid  and  whose  clir»?<'tMm  L^  <jf)iH»8ite  to  its  woi^;hL.  TIuk  f<jiTt' 
is  due  to  the  pressure  of  the  fluid  }'  Iwing  greater  on  the  lower 
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parts  of  the  portion  X  than  upon  the  upixT  parts.  If  the 
within  the  inuiKinaiy  fihn  Ik*  replaced  by  another  body  having  the 
same  shape  and  gize,  the  pressure  on  the  outside 
of  the  film  will  not  be  altered.  Whence,  any  body 
immersed  in  a  fluid  at  rest  is  buoyed  up  by  a  force 
equal  to  the  weight  of  the  fluid  dusj)laced  by  the  bod, 
This  is  called  Archimedes'  Principle. 

A   Ixwiy  having   a  volume  of  1  cubic  yard 
buoyed  up  by  a  force  of    1084  lb.   wt.    when   i 
niei-stMl  in  water,  and  alwut  2.2  lb.  wt..  when  in  air. 

If  W  denotes  the  weight  of  a  body  in  a  vacuum,  TT'  the  weight 
of  a  fluid  which  it  is  displaein^,  and  F  the  resultant  force  pulling 
down  on  the  body,  Archimedes'  principle  may  be  stated  by  the 
equation 


Pig.  104. 
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F=w-]y', 


(86) 


It  ftjllows  from  ArchinuMles'  luiiiriple  tliai  if  the  weight  of  the 
fluid  displaced  is  less  (haii  the  weight  of  the  Ixxly,  the  body  ia 
etiU  pulled  downward,  but  not  bo  strongly  ae  when  not  inmiersed 
in  tlie  fluid;  thiit  if  the  weight  of  the  nui<l  displaced  is  equal  to 
that  of  the  1jo<1)',  tlie  l>ody  Ls  not  pidled  down  at  all;  and  that 
if  the  weight  of  the  fluid  displaced  is  greater  than  that  of  thi 
body,  the  body  is  urged  upward  inste-ad  of  downward. 


For  example,  the  envcloiM?  of  a  IwUloon  lUstetulf^l  witli  liydrogen,  coal  gas 
or  hot  iitr  will  riBC  in  the  atnu>Rj>herc.    iSiiic*^  i\n^  ^*<^Ie  oijjcrt  of  tho  gajs  in  the 
l^alloon  f*  to  displiK^c  a  lar^e  vdUiiiii'  of  nit,  a  ^^ha  should  be  selected  that 
iUv.  pr«it<^t  |H>ssihlc  vnluinc  per  unit  of  nuvss. 

If  the  weigJit  of  a  Ixxly  eqiuils  lln;  weight  of  the  fluid  dis]tlneed,  the  body 
will  1.K*  in  equilibrium  iii  thi'  (luid  A  l>ody  floatiiig  in  a  liituid  Ls  an  example 
nf  thin  vm^'..  Aii  iron  nh]])  Honts,  not  bovaiuc  the  niateriaU  entering  into  ltd 
ronalruction  have  a  gtmaller  (len.iity  than  water,  but  for  the  renaon  that  it« 
hollow  form  eauscfs  it  to  displace  a  mo^  of  wat^r  ex]ual  to  it^  own  mass.  A  ship 
of  "5000  tons  di.'ipluecnicnl"  in  utic  that  displaecs  5000  tons  of  water;  that  i 
one  that  weighs  TjUOO  tons. 

111.  Detennination  of  Density  by  Immersion. — Whenever  a  eolid  l>o<lyi 
ia  of  *iUrh  siniplo  g(>ometrieal  form  tluit  its  volume  run  be  (H>mputed  from  i 
linear  dimenBioua,  it«  dcimtty  can  be  obtained  directly  from  the  definilii 
(Art.  78), 

£)  =  '" 
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■Very  often,  howcvar,  a  Ivxly  is  of  Ruch  irregular  shfipo  that  its  voUiinp  oftriHot 
be  eofnpuU^  from  its  lineair  dimenHionM.  In  tmvU  oaww  the  prinriplo  of  /Vrc-h- 
imcdes  funushes  a  simple  method  of  fiiuling  the  vuhiino. 

The  weight  of  tiit!  air  dispkict'd  by  most  IxHlit.^  is  s<u  slight  lliat  except 

in  r»ther  ao'urftl-e  work  it  may  be  ncglect^id.     This  meanif  that  the  force  pull- 

iDg  downward  on  a  body  when  it  is  in  air  in  almost  the  8ume  um  if  the  Ixnly  were 

m  A  vfeouum.     Suppoac  that  a  piece  of  cop|>pr  is  weighed  and  found  to  liavc 

B  maflB  of  20  g.      Suppose  that  it  is  then  gu8|>endixi  by  a  ve^^'  fine  wire, 

immereed  in  a  tumbler  of  water,  and  wcifihed  while  liuugiTig  iii  tlie  water. 

K  <>n  aroount  of  the  buoyant  offeet  of  the  water,  tlie  ftiroi?  with  whif  h  the  copper 

^^polls  downward  on  the  wire  i&  dow  less  than  the  weight  of  the  copiK-r.     Su|>- 

^^hVI  t^t  It  now  tAkcs  1775  g.  to  balance  it.     Then,  by  Archimedes'  prin- 

^^   (86), 

1775  =-20.00 -H^'. 

ia,  the  weight  of  the  water  displaced   is  20.00-17  75  =  2.25  g.    Since 

'density  of  water  is  1  g.  per  cc.,  2.25  g.  of  watiT  haa  the  volume  2.25  ce. 

^^inc«  tl»e  copper  wafl  entirely  immersed,  the  volume  of  water  displaced  equals 

the  volume  of  the  copper.     Tliat    is,  the  vohimc  nf   the   copiwr    ia   2.25  cc. 

lu  density  is^  tlierefore, 

20.00 


"i-"!-' 


2.25 


8.9  g.  per  cc. 


In  tlie  cttse  of  a  lx)dy  of  such  small  density  that  it  floats  iri  tin'  liiiiiui,  the 
body  muftt  Ih'  submerged  by  mcana  of  a  sinker.  The  method  of  determining 
the  density  m  this  ca;se  is  left  as  an  exercise  for  the  student, 

112.  The  Hydrometer. — From  Archlmedea'  principle,  the  mass  of  lujnid 
di0pUi«*ed  by  a  Uidy  floating  in  it  is  (Mjual  to  the  iiiiikh  of  the  floating  body. 
Hut  tin*  mass  of  hquid  displarinl  t*fiii»la  the  proihirt  of  the  density 
f>f  the  liquid  and  the  voUmie  of  the  immerwiHi  ixirtinn  of  the 
flotttirig  bt.idy.  Consequently,  if  a  b«idy  of  given  mass  l>c  itIlowecJ 
la  float  in  a  liquid,  the  density  of  the  liquid  can  be  deiermined 
frum  the  volume  of  the  subniergeil  |)orti<in. 

Jin  inijlrument  depending  uiKin  this  prineiple  is  ealled  an 
or  hyilrumeter.  llie  ordinary  hydrtJineler  (Fig,  105) 
tl»  of  a  graduat4Hl  glass  stem  to  which  in  ntlji<hed  a  weighle<1 
gJsiB  bulb.  By  placing  the  instrument  into  two  or  more'  liquids 
of  known  densities,  the  scale  on  the  stem  can  be  calibrated  to 
read  fl|ie«rific.  gravities  directly. 


FiQ.  la^. 


113.  Pressure    and    Speed  of  a   Flowing    Fluid. — 
Consider   a  fluid  flowing  stc>axlily  throiijrb  a  tiilx'  of  un- 
uiiiform  cross-section.     Since  the  speed  is  greater  where 
the  cro6»-section  is  smaller,  and   since  an  acceleration  implies  a 
force  in  the  same  direction,  in  going  toward  a  constriction  the 


i 
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liquid    is    moving  fmrn  a  placo   of  grpat<»r  to  a  place  of  small 
pressurt'.     Sirnilarly,  in  ^oirig  away  from  a  constriction  the  liquid 
is  moving  from   a  place  of  less  to  a  place  of  greater  prcssurq^f 
That  is,  other  tilings  Inking  the  same,  the  pressure  is  less  wher^^ 
the   speed   is   greater,    luid   gi-eater  when  the  SjM'ed   is  less.     The 
phenomenon  that  in  a  moving  fluid  the  pressure  is  greater  when 
the   spiMil    is   small   than   when   the  S[xxk1    is  great  is  eallM  t 
'•  BiTtioiilli  effect." 

'I'lip  Pit^)t  mplfr  is  an  irwtrument  in  wbirli   the  Bernoulli  eftert  ia  utiHi 
for  llie  iiieu^un*in^iit  of  vdoriticw  of  tir]UJ(jH  iitid  komii.     One  fonn  luted 
ftoroplunos  fi»r  ilrUTiniiiiiif^  tlw  vi'liwity  of  the  iiir  rflwtj 
t<>    tlio    ship    U    illustrated    in    Kig.    lOQ.      Air    floi 
through   the   tul)o   with  tho   constriction   .4   produces 
diminution  of  pressure  on  ono  Hide  of  the  flexible 
ptimjcni  Ji,  while  air  HowinK  into   the  tube  C  produc 
nn   incrmso  of  prcstitirc  on  the  other  aide  of  the  same 
diuphruKn)-      Tlie    di^plae^inent    of    this    diaphrutpn    i$^m 
Fia.  106.  indicated  by  a  {Mjintt-r  moving  over  a  scale  divided  su  al^| 

to  read  in  miles  ikt  hour. 

By  giving  a  motion  of  rotation  to  a  projected  ball,  a  difTerenee  of  air  prc»- 

sure  on  opixwitc  Pides  will  lio  dcvr'I(ji>ed,  and  the  ball  will  be  deflected  out 
the  anginal  courHe.     With  ref<?re'ii(*o  to  a  hall  advaucinK  in  still  air  from  U 
t-o  ri^ht.  without  mtntion,  the  air  cum'nt.s  arc  as  indientc<l  in  Kig.  107, 
nnotion  of  the  bull  is  upixj^ed  by  a  tiwtsd  of  air  i>ited  up  on  the  odvancii 


Fig.  107. 


Fio.  108. 


Fio.  100. 


side.  A  ball  rotating  without  translation  will  carry  air  around  with  it 
indioAtcd  in  FiK-  108.  If  tht*  ball  advances  fmin  left  lo  right  and  also  rota 
as  in  rig.  UK),  there  will  be  ut  A  an  air  rurri'nt  whicli  w  tlie  rtsiultaxil  of  (W 
curnMiU  in  the  same  dircctiun,  and  at  U  an  air  current  whirl*  is  the  retsidtant 
uf  two  currents  in  opi»osite  directions.  It  follows  llmt  at  A  the  spcrd  of  lh« 
|ia.s8inK  air  is  ^n-ater  tlum  at  U.  And  sinee  lower  preasoire  pH-s  with  greater 
8|>ecd,  the  air  prc-wun'  at  .1  h  leas  than  a)  li.  Thus  the  hernnulli  efTect  fcnda 
to  deflect  the  rmse  A'  of  the  advancing  ball  in  the  direction  of  rotulinn.  The 
amount  of  deflection  dcijcnds  u|K>n  the  inertia  of  the  ball,  the  nugrtitude  of 
the  angular  speed  comimred  with  the  linear  speed  and  Ihe  jiosition  of  the  a 


JKi 
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cap  in  front  of  the  advanciuK  l>aU  Wlirn  the  air  rap  Is  synmictricul  with 
respect  to  the  lino  of  flight,  und  the  aDf^uIar  speed  is  Rreut  tMmipflre*!  with  the 
lincftr  apecd,  tiie  dcnet'tiou  is  sraall.  But  when  thr  lincHr  fli>e(*d  conipttn*cl 
with  the  AXigukr  spet'd  hecorocs  knvf-r  thaji  n  certain  value,  the  bull  Ls  iu 
uiwtuhle  kinelic  equilibrium,  i!ie  air  rap  becomes  (linpluc^Ml  toward  the  side 
of  grcAter  prcamirc^  &iid  the  ball  shocjtauut  of  its  original  ]mi\\.  A  skillful  lyoao 
boll  pitcher  can  so  control  the  relation  between  the  linear  velocity  to  the 
aniculiir  vcloeily  that  the  ball  will  not  "break"  till  it  ia  riose  to  the  batter, 
and  it  will  then  shoot  upward,  downward,  to  the  right  or  to  tht!  left  us  he  may 
defdre. 

There  are  many  devices  the  action  of  which  depeniU  upon  a  combination 
rif  the  ener^'  of  impaet  and  the  Bcniuulli  efTcet.  In  the  r;usp  of  the  ortlinary 
atomiser,  air  emending  from  the  end  of  the  hohzotitui  lulu',  Kig.  110,  pro- 
duces a  miffincnt  diminution  of  pressure  to  ranwr  liquid  to  nw  to  the  top 
of  the  vertJciU  tube.  The  current  of  air  blowK  this  li<tiiid  off  in  fine  drops  or 
vpcay.  The  inerea«e  in  draft  of  a  chimney  when  wind  blows  ucruew  the  top 
if  due  to  the  !«ime  eAUae. 

In  the  Jet  purnp,  Kig-  lUi  water  at  high  speed  pajweti  fhrouRh  the  nozale 
A  &nd  escKpes  through  the  outlet  C.     At  the  throat  B  the  Howing  water  pro- 


FiG.  110. 


Fio.  111. 


Fra.   112. 


icicot  diniintition  of  prcseure  to  cause  a  liquid  lo  riae  in  the  tube  D 
of  several  feet.  If  it  rises  to  the  throat,  it  will  l>e  forced  alon|<  the 
outlet  pipe  C  by  the  impact  of  the  high-speed  stream.  ^M^me  jet  ptmips  have 
an  effioienry  of  an  niuch  aft  seventy  )N>r  cent. 

Tb*  aapirator.  Fig.  112,  is  a  jet  piunp  for  exhausting  air  or  other  gas. 
UlHffi  r^uniping  air,  the  stream  in  the  outlet  pipe  eomiists  of  mosses  of  water 
vpanit4xl  by  masses  of  air.  The  impact  of  the  high-?»|«^  water  on  these 
int«r  pirttonn  produces  quickly  uti  ovueuation  to  one-half  of  an  atmaspherc 
preapujv  ur  leas. 


I 


SOIA'KD    I'aOBLKMK 

Pff)liLCM  — A  ImkIv  plait'd  on  one  pan  of  an  eiiual  ann  balanoo  is  ooun- 
terpopM^  by  bnuH  ntAndard  masaes  (often  called  "weights")  amounting  to 
83i.30  g.     Wbon  irameiwd  in  water  the  body  weighs  733.05  g.    The  densi- 
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ties  of  air  and  brass  are  0.0013  and  8.5  g.  per  oc.,  respectivdy.  What 
would  the  body  weigh  in  vacuum? 

Solution. — When  the  balance  is  in  equilibrium,  the  total  force  acting  on 
the  body  equals  the  total  force  acting  on  the  standard  maases.    That  is, 

The  weight  of  the  body  in  vacuum  —weight  of  air  displaced  by  the  bod^  = 
weight  of  standard  masses — weight  of  air  displaced  by  the  standard  masses. 

Consequently,  the  weight  of  the  body  in  vacuum  — weightof  air  displaced 
by  body + weight  of  standard  masses— weight  of  air  displaced  by  the  standard 
masses. 

From  Archimedes'   principle,   the  volume  of  the  body  equals  (834.30— 

733.05) -101.25  cc.  And  since  /)--*?  or  m^FD,  the  weight  of  air  displaced 

by  the  body  equals 

(101 .25)(0.0013)  =0.132  g. 

The  volume  of  the  standard  masses 


4=a=Tf^=-- 


cc. 


Hence  the  weight  of  the  air  displaced  by  the  standard  masses  equals 
(98.15)(0.0013)  =0.128  g.  Therefore,  the  weight  of  the  body  in  vacuum 
equals  (0.132+834.30-0.128)  =834.304  g. 

Pkoulem. — Firfd  the  mass  of  lead  of  density  708  lb.  per  cu.  ft.  that  is 
required  to  submerge  in  water  a  life  preserver  weighing  10  lb.  made  of  cork 
of  specific  gravity  0.24.     (The  density  of  water  is  62.4  lb.  per  cu.  ft.) 

SoLUTioN.-^When  in  equilibrium,  the  sum  of  the  forces  acting  upward  on 
the  cork  and  on  the  lead  equals  the  sum  of  the  forces  acting  downward.  Or, 
representing  the  vohime  of  cork  and  of  lead  by  Vc  and  Vi  respectively,  the 
mass  of  lead  by  m^,  and  the  densitv  of  water  by  D„,  we  may  write, 

Vci>«ff+ V,/)«^  =  lOg +mtg (87) 

Since  D^m/V,  the  volume  of  the  load  requirtMl  to  submerge  the  cork  has  the 
value 


[m,~\      m, 


Since  the  specific  gravity  of  a  substance  equals  the  ratio  of  the  density 
of  the  material  to  the  density  of  water  (Art.  78),  the  density  of  cork  equals 
(0.24)  (62.4)  lb.  j>er  cu.  ft.    And  since  D  =  m/V,  the  volume  of  the  cork 


Vc[  =  ^]=;;..-.^^:...ccu.ft. 


10 

(0.24)"  (62.4) 


(87)  may  now  be  written 


10(62.4)      ."*|(®2.4) 
(0.24)  (62.4)  ^   "TOT"    *""^'"» 
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V&ncei,  the  mikflB  of  lead  required  to  submerge  the  oork  life  preserver  is 

m,  =34.8  lb. 

Pbobl£||. — How  far  would  a  stone  of  density  2.5  g.  per  cc,  starting  from 
nat,  aiok  in  sea  water  in  two  second'^?  Take  the  density  of  sea  / 

water  aa   1.025  g.  per  rt*.,   and  neglect  the  roUtrdiiiifui  (Uie  U> 
friction. 

:>oi.pnoN. — Denote  the  masR  of  the  stone  hy  m,  the  mass  of 
water  displaced  by  it  by  m',  uud  the  density  of  the  stone  aiid  of 
■em  water  by  D  and  ly,  respectively. 

The  resultant  force  acting  downward  on  the  stone  has  the 
Tmlue  (86), 

tng 

y'^(mg-m'g)  '=giVD-VD')  -980(2.5-1.025)  V  =  144*)  V  dynes.     ^"'J«- 113- 
impart  to  the  stone  n  linear  acceleration  givBD  by  the 


This  force   will 
equation  F  =  tmi. 

■       Since 
land 


and  ahice 


Wlience. 


=  1446r,  and  F[  =  DVn]  =  2.5Va, 
a— 578  cm.  per  aec  in  a  sec. 


Wbenoe 


■  By  eliminating  vi  from  (32)  and  (3^j).  and  renienil>i;riti|£  that  since  the 
K  stone  vtarta  fnim  rc^t  r'o  =  0,  we  Bud  that  the  di^tatirc  tmvclcd  in  time  t  is 

I  Wbe 

■  pre" 

■  wpig 


i=i(578)2»==ll56cin. 

QlTESTIONM 


1.  Why  docs  not  the  weight  of  the  greater  quantity  of  liquid  in  a  filled 

pot  cause  the  li(}uid  to  rise  higher  in  the  •'{XKit  XYum  in  the  pot? 
S.  Show  why  the  bubble  in  a  spirit  levt'l  go<w  \o  the  highest  part  of  the  vial. 

3.  Sketch  the  form  of  a  diah  such  that  the  total  force  due  to  the  hydroHtatic 
pr«9surv  on  its  Ix>tt4>m  shall  be  (a)  grwit-cr  than,  (fe)  equal  t-o,  (el  leas  than  the 
weight  of  the  containetl  Uquid.     Explain  fully. 

4.  A  luuibler  may  be  tilled  with  water,  a  piece  of  paper  laid  over  it.  arul  the 
tumbler  inverted  and  held  inverted  without  the  puper  dmppiii);  otT  or  the  waUT 
coming  out.  To  what  in  this  due?  Is  the  force  requirwl  to  Mupixirt  the 
inverted  glaas  containing  the  water  greater  than  or  equal  to  that  required  to 
support  tb«  aame  |^s3  right  tside  up  and  eojpty?,     Why? 


142 


FLUIDS 


6.  IIow  would  the  heiKht  of  the  liquid  column  in  a  barometer  be  al 
by  (uirh  iif  ttu'  follr]\viTt^  npomlinii'*?     Un  doubling  the  length  of  thn  tii 
(6)  tloubling  Lhe  rntA-i-Hurlion  of   Ihi'  till)*!;  (c)  repluHng  the  merniry  by 
UquitJ  of  tiensily  half  as  gn-ni;  (d)  n^rrying  the  iMiroinotcr  to  a  plart^  whore 
pressure  ip  the  Htime,  but  tho  acculeration  due  to  gruvily  is  smaller. 

6*  Kxplain  the  artion  of  the  op>cu  manometer.     Would  the  same  gradi 
tion  of  the  tube  hold  for  different  points  on  the  earth's  surface  and  for  different 
ttltitudes? 

7.  It  \a  desired  to  miac  water  a  distance  of  50  feet.     Will  the  following 
airaiiMt'^njuiiU  givt;  any  difference  in  the  force  to  be  exerted  in  each  skrokeT 
(rt)   A  lift  iiiimf),  thr  [)ist^m  being  2^  ft.  above  the  water;  (/»)  a  force  pump, 
the  piston  being  25  ft.  above  the  water;  (c)  a  force  pump,  the  piston  being 
ft.  aUive  the  water. 

8.  Kxplain  tlie  action  of  th<:  fotmtain  imm»  filler. 

9.  Why  will  not  liquid  Hmv  out  at  the  faucet  of  a  barrel  unless  there 
.ioaother  hole  in  the  up|K-r  part  of  the  barrel?  Can  a  flexible  rubber  b&g 
emptied  of  water  if  the  Img  liaa  a  .single  .'^mall  hole? 

10.  Two  non-misrible  liquids  are  poured,  one  into  each  branch  of 
upright  U  tube,  so  thai  their  place  of  contact  la  at  tlie  bottom  of  the  tube. 
Wliat  will  he  the  relative  licight  of  each  liquid?  W\\at  wiU  be  the  effect  of 
doubhng  the  eroas-Bertion  of  one  of  the  tubes? 

11.  A  oimmon  form  of  drinking  fountain  for  poultry  is  made  by  inve 
a  jar  filled  with  wafer  and  submerging  the  nwk  of  the  jar  in  a  saucer  of  wa 
Aa  Witter  in  runiovetl  fi-om  the  saucer,  water  from  the  jar  will  take  its  p] 
thereby  maintaining  nearly  constant  the  amount  of  water  in   the  aai 
Kxplain. 

19.  Which  would  require  the  .stronger  dam^  a  mill  ix>iid  of  large  area 
sluUlnw,  nr  one  of  suiall  area  iitid  det?]»?     Explain, 

13.  You  are  provulcd  wi(h  :t  glaKS  U  tube,  a  rubber  (^>imeeting  tube,  and 
u  gla*^  of  water,  and  arc  a.ske<l  to  measure  the  pres.sijre  of  the  illuminating  gaa 
at  a  given  giuv  burner.  How  would  you  ntejLHiu'e  it?  Ctive  an  expreassion 
Rhowing  th(?  pressure  of  gas.  Wliat  effect  will  the  siase  of  the  tube  have 
your  mea.sijrenient? 

14.  l>cfiiie  density,  st>ccifir  gravity.  Under  wlmi  ctHwlitions  will  lliese  liave 
nmnericyilly  the  same  value?  JIow  can  Archimedea'  principle  be  applied  to., 
the  determination  of  thi'se  quantities? 

16.  A  piece  of  cork  counterbalances  a  piece  of  lead  on  nn  equal  arm 
ance.     Have  tl»ey  the  sime  ma^s?     Explain  the  answer  fully. 

16.  State  the  ctindition  imdcr  which  a  balloon  will — (a)  rise;  (6) 
(c)  remain  at  a  given  elevation. 

17.  Not  enough  gas  i«  put  into  the  envelope  of  a  ballixm  to  distend  it  fuUy 
when  it  is  at  the  surftice  of  the  earth.  Wien  it  rises  to  jmints  where  the  air 
pleasure  i«  leas,  the  inclow^i  gas  farther  dist4*nds  the  envdop«.  As-suming 
the  pressure  iosido  the  envelope  always  equal  to  the  air  preaaurc  outai 


lave 
i  to_ 

buH 

faoJ 


:  (<*rn[>eralure  v 
iKtii-H  llip  8111IIC,   iletfnniiir  wliether   the  liiiovuiU   rtfTctt   of  ttir  on   tbo 
f^^^nfi^  isgnsaUTat  gn^t  devatitfim  or  ut  smaller.     Givt*  reumjiig. 

1&  SUte  the  Uw  govrnung  the  following  casea  uud  show  what  conditions 
are  pracat  iu  each;    a  hiJIoon  ribce  in  oii;  a  kite  risos  in  air;  a  buUct  sinks  in 
ly^    w»t«r;  a  oork  BoaU  on  wut4>r. 

B  19.  A  TMael  partly  filled  with  water  is  halaiifcd  on  one  pan  of  &  pair  of 
^KmUiv  a  piece  of  wood  is  placed  in  the  water.  What  id  the  cfTect  of  the 
^^^■Iroduction  uf  the  piece  of  wood  on  the.  pre^ure  on  thi^  iMittom  of  the  vessel, 
^^•od  n\mi  ujiun  the  wi-ight  un  the  acale  [wn?  Would  the  presdurt!  on  the  bot- 
tom of  the  vessel  or  the  wciKht  on  the  sc4ile  jMin  Iw  altered  hy  conipletely  sub- 
mcncing  ihc  liliick  uf  wood  by  fastening  it  to  tho  lM)ttom  of  the  vt-ssel?  If 
citluT  be  diflert-'ut,  slate  the  cause  and  the  faetors  upttu  whieli  it  de[M'nd8. 

SO.  Show  the  fullaey  of  the  following.  A  hollow  tlexiblr  tiil>e  is  ii.'^ed  t»  u 
Wt  on  two  pulleys.  Fig.  1 14  *>n  thiH  tube  an*  L'lmnil>ens  whieh  eommunicate 
With  the  tube.  Iron  cylindore  slide  in  and  out  of  the«^  cliainliers  u«  Ihoy  are 
turuiHi  up  w  reversed.  For  example,  in  thu  diagratn,  cylinder  A  lias  slid  out 
of  B,  while  C  has  slid  into  D. 


I 
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Fia.  116. 


Now  according  to  AnrhiniudeH'  principle,  the  buoyant  effect  on  .4  and  B 
ifi  (cr<»**f  '•^af'  ^^^^  "'^  ^*  **■''<'  ^K  sinpe  raon*  wjiti-r  is  displaced.  Consc- 
quentjy.  C  and  D  cJiert  a  greater  rt«ullaiit  force  downward  than  A  and  B. 
force  will  urge  the  U-lt  around  the  pulleys.  If  a  sufficient  numl»er  of 
cylinderft  and  rhutiilM'n*  are  pn-swnt,  frictiunal  force  can  be  overcome 
work  done  by  the  machine. 
'  SI.  An  iMidl(99>  chain  of  light  sphcr«f  is  mounted  on  two  whcclH  oa  ahawn 
in  Vi^  115.  .Vt  A  \m  iiti  urrangemcnt  whereby  the  ftjihere.'*  may  ]iat»  frrm  ait 
into  a  Urjuid  without  any  of  the  liquid  escaping. 
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Since  the  »phore8  on  the  left  side  art*  immersed  in  liquid,  the  left  side 
the  rliain  w  buoyi'd  ill)  ^'  "^  forir  of  a  tna^iitiidp  (iei>ending  upon  the  numi 
of  sphorM  iiitmereed.     Ais  this  buoyant  force  may  be  made  Buttiviently 
to  exceed  friction  why  could  not  continuous  nnUion  lie  jiroduced? 

22.  On  a  whnft  is  mmmted  a  drum  ram'ing  severnl  compartments, 
having  one  side  radial  nnd  one  side  titng(?nlial  to  the  edge  of  the  drum,  asaboi 
in  Fig.  I  Ifi,     Tht'  dcvi(^  is  filled  with  air  under  [^re.'wure. 

The  uir  pressures  on  the  rudiul  and  on  the  tangential  sides  will  be  eqi 
But  the  comiwnents  tangential  to  the  edge  of  the  drum  will  be  unequal, 
will  not  continuous  rotation  retmlt? 

23.  The  following  mechitniani  has  been  proposed  aJ9  a  perpetual-mot 
machine.  A  whet'i  with  bucket-shaped  jwckets  on  ita  circumfcrenpc  is  cap-' 
aJ»le  nf  rotation  abiiiit  u  horizontal  axis.  Near  the  wheel  is  a  tank  of  water 
rtomcwlmt  iftUrT  than  the  wheel.  Spheres  of  a  material  of  leas  density  tlian 
water  ar«  dn>pi>eii  into  the  |K>nkets  on  one  side  of  the  wheel  anci  tiie  whivl  is 
thereby  f*et  into  rotation  ( )n  reaching  the  lower  part,  of  the  wheel  the  spheres 
an;  diitn|K!d  onto  a  chule  and  enter  the  lower  part  of  the  water  tank  through  a 
suitable  trap.  Beinp  lighter  than  water,  the  spheres  rise  to  the  top  of  the  tank. 
They  then  slide  onto  auother  chute  and  into  the  buekets  ou  the  wheel 
repeat  the  cycle. 

Assuming  that  effective  dc^-ices  exist  for  allowing  the  spheres  to  enter  thtf* 
tank  without  spilling  water,  and  for  transferring  the  spheres  from  tlic  top  of 
the  water  to  the  buckets  on  the  wheel,  show  why  the  machine  would  fail. 


114.  Empirical  Laws. — In  the  present  8tat<*  of  our  knowledge, 
the  laws  of  surh  i)ro|x^rties  of  niattor  as  friction,  ela-stieit^',  surface 
tendon,  and  solution  appear  to  be  generalissa turns  of  isolated 
groups  of  phenomena  which  cannot  be  deduced  from  the  fiinda- 
nfiefital  principles  of  dyuaniics,  but  wliicli  can  bo  deriveti  only 
from  the  experimental  study  of  nvatter  under  the  special  conditions 
imposed  by  the  nature  of  the  investigation.  Generali?:ationH  based 
upon  relations  obtained  solely  from  cxix^riinent  or  observation  are 
ciill^i  empirical  laws.  In  the  present  chapter  several  such  laws 
will  be  studied. 

§  I.  Elasticity 

116.  The  Deformation  of  a  Stretched  Rod.— Suppofie  that  a 
soft  steel  hmI  is  subjected  to  a  stretching  force  which  (!an  Im  in- 


I 


h 


i 


Fig.  117. 

crpa.s<Hl  at  a  uniform  ratr.  If  two  marks  are  f)lar*  d  i*n  tlic  rod  at 
a  and  h,  Fig.  117,  the  distance  x  In'i-wvvn  ilunix  will  increase  as 
the  stretching  force  increases.  Let  some  accurate  uieaiis  be 
provided  for  meiu^uring  ibis  incn*as<?  in  length.  U  is  foun<l  that 
for  a  time  t-he  incmnent  of  length  is  directly  pro]x>rtioiial  t<j  the 
increment  of  the  force.  But  when  a  certain  force  has  been  reached, 
the  ratio  between  the  change  of  lcngt)i  to  the  change  of  force  is 
much  greater  than  l>efore.  If  the  applied  force  continues  to 
increase,  the  specimen  continues  to  stretch  at  a  gradually  increas- 
ing rate,  until  at  a  certain  maximum  force  the  cross-section  at 

14.5 
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some  point  of  the  spcM-imrn  suddenly  begins  to  reduee  and  a 
called  '*  neck  "  l>cpiiis  to  form.     Thereafter,  the  length  of  tl 
specimen  in('reas(\s  ra]>i*;lly  with  the  application  of  siriall  force 
the  s|x^cimen  is  broken. 

When  rods  of  the  same  material  but  af  tlilTerent  lengths  am 
cross-fiectionul  areua  are  tested,  it  is  found  that  iilentical  i-csulls 

are  obt4iined   if  the  loads 


/ 


/ 


be  reduced  tti  force  per 
unit  area  of  cross-section, 
and    elongations    be    rMll 


IMU  strain 

Fio.  118. 


lUIL'U 

testM 

ribofl 


duced  to  elongation  per 
unit  length.  The  force 
per  unit  area  of  eros 
section  is  c-alled  the  ui 
streas  and  the  ehmgation 
per  unit  length  is  called 
~~'  the  unit  strain. 

The   results    of 
such    as  above   descril 
are  best  shown  by  plotting  a  stress-strain  diagram,  Fig.  118. 
As  the  loaxi  Is  gradually  incnnus**d  the  curve  coordinating 
stress  and  unit  strain  is  at  first  a  straight  line  OB.     The  unit  stress 
at  H,  where  the  curve  begins  to  bend^  is  called  the  daslic  limit  ol^j 
the  material.     The  unit  stress  at  the  point  C  at  which  the  matei 
begins  to  HoWj  i.e.,  to  yield  ccuitinuously  without  any  incrt^use 
stress,  Ls  called  the  yield  imnl.     Above  ('  the  stress  increases 
the  nuixinniin  value  D.     l''r"otn  I)  to  E  occurs  the  fonnation  of 
mrk  ia  ductile  materials.     Rujiturc  takes  place  at  E. 

If  the  loiul  l>e  gi-a*Umlly  diniiiii.^lied  from  a  condition  repi 
sented  by  a  point  Iwlow  the  tJastic  limit,  the  curve  OB  will  be 
dcscrifx^d  in  the  reverse  direction,  and  the  sptn-imen  will  return 
to  the  original  length.     If,  howe\'er,  the  removal  of  the  load  ia^ 
not  begun  until  some  point/ l>eyond  B  has  l)<»en  reached,  the  rela^| 
lion  l>etween  unit  stres.s  and  unit  strain  will  l)e  ivprcsentcd  by  the 
line  fg  nearly   parallel   to    BO.     >\'hcn    the    load    is    completely^ 
removed  there  remains  an  increase  in  length  Og  called  the 
viantni  sel. 


I 
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116.  Hooke's  Law.— /i7(^^^r//Jy  is  the  name  given  to  "(hat 
proiM-rly  hy  virtue  of  which  a  Ixxly  I'etiuires  force  Ut  ehaitge  iU 
bulk  or  sluipe,  and  requires  a  continvietl  applieation  of  the  force  to 
maintiiin  the  change,  and  springs  back  when  the  force  is  removed; 
and  if  left  without  the  force,  does  not  remain  at  rest  except  in  it« 
previous  hulk  and  Khajje/'     (Kelvin.) 

A  Ixxly  is  lii(jlJy  elastic  which  not  only  offers  a  great  resisijince 
to  distortion  but  which  also  completely  recovcm  its  sixe  and  shape 
on  the  removal  of  the  defonning  force,  e.g.,  steel,  glass.  A  boely  is 
slightly  cliustic  which  is  cither  deformed  by  a  small  force  or  which 
can  .stitilain  btit  a  small  deforming  force  willnnit  pfrmanent  defor- 
mation, e.g.,  rnblMT.  (^lay.  When  a  body  is  perfectly  elastic,  a 
deforndng  force  will  <levelop  in  it  an  {s\\\i\\  and  opposite  force  of 
rcf^titution  which  will  not  diminish  with  the  lapse  of  lime.  A 
iifxly  which  does  not  conjpletely  recover  its  original  shape  or  size 
on  the  removal  of  the  deforming  force  is  said  to  be  plastic.  A  botly 
that  can  U'  deformetl  through  wide  limits  without  being  jjer- 
tnancntly  diat4)rted,  ir  raid  to  l>e  to^igk.  A  IxMly  that  can  be 
<lLstorted  to  but  a  very  small  amount  without  breaking  is  said  to 
^»e  brittle.  For  example,  niblter  Ls  very  tough,  though  it  is  not 
Mghly  elastic.  Glass,  on  the  other  hand,  is  slightly  tough  but  is 
ver>'  elastic;  that  is,  glass  cannot  \h*  distorted  through  a  gi-eat 
range,  but  a  distortion  of  glass  of  unit  amount  develops  a  great 
force  of  restitution. 

For  a  ^yerfectly  ehfttic  body^  that  «>,  one  tiot  distorted  heymui  the 
elastic  Itmit,  llw  if/rcw  due  t-o  a  distortion  temh  to  rcsti)re  the  body  to 
the  original  condition  atul  has  a  magnitude  ■proportiofial   to    the 

In,     This  is  calle<l  Hooke's  Law. 

The  mtio  of  unit  stress  to  unit  sti*ain  of  a  body  not  distorted 
beyond  the  elastic  limit  Ls  called  a  coefficient  of  elasticity.  As  tlu-re 
different  types  of  strain,   there  arc  different  coefficients  of 

iticity. 

117.  Young's  Modulus. — For  a  rod  under  tension  or  com- 
prt^ssion  the  unit  tensile  stress  equals  the  force  of  reatiiution 
divided  by  the  area  of  cross-section  pcr[)cadicular  to  the 
force;  and  the  unit  tensile  strain  equals  the  change  of  length 
divided  by  the  original  length.     Conseciuently,  the  tensile  coeffi- 
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oient    of   elasticity,  Btretch    moduUiH,  or   Yoiinp's    modulus 
elaaticity, 

force  of  restitution  F 

art'ii  of  cToss-tm't'tioii  A        Fl 


E 


elongaiioii 
originai  length 


AM' 


If  a  beam  be  beut,  the  la3-ers  on  the  convex  sicie-  will  be  stretched 
and  tliasc  on  the  concave  sitle  will  be  t^oni pressed.     There  is  on^^ 
Uiyt^r,  fnlk^d  the  ''neutral  surface  "  which  is  neither  strefrhed  nor^ 
eoniprcHseil.     Ynun^^s  rtuwhikiH  of  a  malcrinl  chu  also  Ix-  deter- 
mined from  the  amount  of  flexure  prfxiuced  in  a  beam  of  known 
diinenHJons  when  subjecttnl  to  a  K*ven  force  p4T|x*ndit'ular  to  it 
lentil  h. 

For  steel,  Young'vS  moduhia  is  about  22(10")  dyma  per  sq.  ci 
(30  Wy^)  poimds  p(T  sq.  in.|.     For  caf^t  iron  it  is  about  11.5  (10**] 
dynes  per  sq.  cm.  [Iti.S  (lO"^)  pounds  per  sq.  in.] 


PltoiiLKM — A  rn^  of  mild  &\w\  \  inrh  in  diumelcr  wat9  tested  in  tenaic 
When  the  elastir  limit  wii-s  rpHclKni,  th*'  load  wr.s  14,550  lb  wl.  The  coi 
aponding  don^ciitiun  iii  a  li-nKtfi  of  8  in.  w[usO,<M)SS  in.  Thn  tnaximiiiii  Umd  was- 
27,400  lb.  wt.  Compute! he f lust ic  Umit;  (he  Young's  mtKluluK;  the  maximum 
or  briiiiking  imit  8tre«a. 

Area  of  cro«8-«ection  =.lj)    =0.44  sq.  in. 


£laHtio  limit 

Unit  strain 
Yomig's  moduhis 


"d^  =  aa^JOO  Ib.  per  8q.  in. 


0  0088 

8 

0.001 1 


=0.0011  in. 

=  3«ao«)  lb.  persq.  in. 


Maximum  unit  ^^^*^™  fr~*A    =H220(*  lb.  fxTRq.  in. 

118.  Bulk  Modulus.— When   a   Inxly  is  presseti  on   all  sid< 
without  it.s  shujx'  beirip;  changed,  the  f<)rce  per  unit  area  with  whid 


I 


Fig.  119. 


E 


oppoecB  Its  fipcrea^e  m  volume  ls  niiiea  tno  f>ua:  Tesionv^j 
The  ratio  of  its  clcorea«?  in  voluiue  lo  ils  ori^inul  volume  \s  called 
die  b\ilk  strain  in  the  material.  As  long  las  the  siiiiie  mut{Tiul  is 
used  and  the  elastic  limit  is  not  passed,  the  nitio  of  the  stress  to 
the  bulk  strain  is  coastaut.  This  mtio  is  ealled  the  coeffieiciit  4)f 
volume  elasticity,  or  the  bulk  tnodulus^  of  the  ^ivcn  material.  The 
bulk  moilulus  of  a  ^ivcu  material  is  numerically  equal  to  the 
change  of  pressure  required  to  reduce  the  volume  to  one-half. 

The  bulk  modulus  of  water  is  about  155  tons  wt.  p(T  s<]uan» 
inch.  Hence,  to  compress  a  cubic  ff»ot  of  water  so  that  eacli 
(iiukctision  of  the  culx»  woul<l  be  shortened  0.01  in,  would  recjuire 
a  pressure  of  alx)ut  775  li).  wt.  j)er  stjuare  inch. 

Ilie  <'liLslif  Imiit  for  hriuids  and  gases  has  never  been  n^achi'il. 

119.  Simple  Rigidity. — If  a  reclangulur  parallelopiped  of 
rubber,  nc,  Fi^.  1 19,  has  two  opposite  faces  pUied  Uy  two  boards,  and 
if  one   of  these  Itoards  is  pushed  sid^'uisc  in 

it8  own  plane,  there  Ls  no  chaii^c^  in  the  voluuit^ 
of  the  block,  but  its  shape  is  ciian^jwl  to 
/god.  In  (liLs  ease  the  strain  is  the  ratio  of  (if 
to  adf  and  is  called  a  shear,  or  a  shearing 
Ftrain.  If  F  is  the  force  applied,  and  -4  is  the 
area  of  the  face  ah,  then  F  divided  by  A  is  called  a  skennng  alremt. 
if  the  block  of  rubber  is  very  thin  in  the  direction  nonual  to  the 
r,  and  if  it  is  bent  around  until  nd  coincides  with  be,  it  Ls  seen 
that  a  shear  is  the  kind  of  strain  involved  in  the  hvistini;  of  a  wire 
about  iti*  geometric  axis.  As  long  as  the  eiiustic  limit  is  not  reached, 
the  ratio  of  the  shcarinR  stress  to  the  shearing  strain  that  produces 
it  is  a  constant  quantity.  This  ratio  is  called  thi^  .sVm/j/^  rigidilyj 
Hhearitig  modulus  or  slide  inodidus,  of  the  material  sheared. 

In  pimching  a  roimd  hole  of  diameter  d  in  a  plate  of  tliicknesH 
/,  the  area  subjecte<l  to  t-hear  is  Hd.  If  the  mean  force  required 
to  ptm<rh  the  hole  lx»  F,  the  mean  shearing  strcK'^  etpials  F/rtd, 

120.  Viscosity. — In  the  distortion  of  any  body  there  is  usually 
a  sliding  of  some  portions  of  nwitter  with  res|M^ct  to  the  other 
portions  composing  the  l>ody.  This  nu»y  develop  an  internal 
PRBistanee  which  retards  the  relative  motion  of  the  fiarts  of  the 
body.     That  property  of  IxkHc^s  by  virtue  of  which  they  resist  an 
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in£tantaneoui>  distortion  is  called  viscosity.  A  body  that  has  lit 
viscosity  is  said  (o  be  mobik.  Thiii^  pitch,  tar,  ami  ihoUlssps  u 
viscous  fluids,  wliilc  water,  chlorofonii,  and  etlier  are  niolnl 
The  ratio  of  shearing  stress  to  shearing;  strain  pn>duced  in  unit 
time  is  called  the  coefficient  of  viscosity  of  the  substance.  . 
increase  in  tenipeniture  causes  an  increase  in  the  coefficient 
vicosity  of  a  gas  and  a  decrease  in  that  of  a  liquid. 


nil 


A  well-Iubri«itLHi  joumnl  docs  not  rome  into  p/intact  with  \Xs  bnaring, 
but  18  kopt  scpiinittid  fnjin  it  by  a  film  of  tho  lubhnuil.  In  lliia  way  the 
friction  brlwti-n  two  nictjillir  nibbing  siirfat-i'^  is  rcpbirwl  by  thi'  .smaller 
viscoUK  rcsisUinre  olTfrfd  by  tlii.'  UibricutinK  oil.  The  itftiistaiice  to  lh«  motion 
of  a  jourmil  in  t\  lubriittlod  boaring  dejK'nds  upon  the  rocfficicnl  of  viseosity 
of  the  oil  tifipd,  the  thickness  anil  ar«i  of  the  lubricating  film,  and  the  rrla- 
tivp  spcf'd  of  the  two  surfaces.  V^^v  a  lightly  lt>aded  Wuring  an  nil  should  be 
UBwl  whose  eotffiticnt  uf  viscoaity  is  small.  Such  an  oil,  h1lwe^'e^,  could 
not  be  used  on  a  henvily  loaded  bearing  be<ruUi*o  il  Wfuild  be  stiueexi'd  out 
from  between  the  moving  surfjieis,  thus  rausing  the  journal  to  run  dr>'.  For 
a  rough  bearing  or  journal  it  wmihi  mIav  be  neeessiiry  to  use  un  oil  having  a 
high  coefficient  of  viscosity  Otherwise  the  rugosities  of  one  of  the 
Burfaei^s  would  protrude  through  tlie  lubricating  film  and  come  into  diroc 
contact  with  the  other  surface.  Since,  in  general,  the  coefficient 
viscosity  of  oils  gnMitly  diminishes  as  the  temi>eraturc  is  raisnl,  oils  intend 
for  wsff.  in  Btcam  cylinders  must  have  a  high  cocfHciciit  of  viscosity  at  ordinar)' 
temperature.  For  any  pariionlar  service,  a  lubricating  oil  should  Ix'  used 
I  hilt  has  the  smallest  coelltcicnt  of  viscosity  ironsistent  with  the  rcquiremcut 
that  it  shall  keep  an  unbroken  film  between  tlic  jounial  and  bearing. 

Solved  Problem 

Phdulkm— TIh'  flywheel  uf  a  punch  i>n;ss  I\as  n  moment   of  inertia  of 
ITjOO  lb   ft  ,  and  when  running  freely,  hu.**  a  speed  of  (><J  revolutions  [jer  minute. 
The  punch  maU(^  a  round  hole  ^  inch  in  diameter  in  an  iron  plate  \  inch  thick. 
The  ehearing  strength  of  the  iron  w  40,000  lb.  ])er  square  inch  of  area  of  sbeai 
Hurfaee.     Assuming  that  when  going  through  the  iron,   the  average  foi 
acting  on  the  punch  is  one-half  the  maximum  force,  find  tu)  the  Wfirk  dont 
ih)  the  speefl  of  the  flywheel  when  the  pimch  i.s  emerging  from  the  plate. 

yoLCTioN, — The  maximum  force  =it\  •  i  •  -tO.OfX)  =  15,000ir  lb.  and  the  ai 
ago  force  =  750(V  lb. 

Therefore,  the  work  done  in  punching  one  bole- ~^~  =3r2.&r  It.  lb. 

Ke|inweulmg  the  moment  of  inertia  of  the  flywheel  by  A',  the  angular  sp 
Jiywhecl  before  the  punch  enters  the  plalc  by  w«.  and  the  angular  apeetl 
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llw  piinrli  eniPrRes  from  the  pluto  by  w,  Ihe  loss  of  energy  of  the  flywheel 
to  pufirhing  the  holo  has  iho  value,  (82),   [KiDv^—^Kw"* 
Siincc  the  wurk  done  in  punching  the  hole  eq<t&ls  the  energy  IohI  by  the 

flywheel, 

4iCuV-i/C«'«  =  3l2.5r  ft.  lb. 

Now  Wo  =^00  revolutions   |>er  minute  =2ir  radiaiw  per  second  (Art.  52),  and 
/i  =  1dOO  lb.   ft.     Coni*cqucn!ly, 

k  I500(4ir«-«'»)«312.5r, 


iff»»4»«- 


312. .^T 
750 


12* 


V'^r-^ 4  _ -1-  mdiariH  per  second 


revututioiLs  [ler  minute. 


(Questions 

1.  A  wire  of  given  diameter  and  IcnKth  is  to  bo  used  to  supiwrt  a  vurymg 
jht,  uiiil  it  is  dtwiroiLs  to  Imvc  Iho  win*  reintuu  as  nearly  u.i  |)os8ible  uf  the 

*<ttfne  Iwigth.     The  V'oung's  ummIuIu^  of  stcol  is  gn'ator  than  that  of  brass. 
Would  steel  or  Ijrass  Ix*  a  l>ctter  material  to  uw?     Kxpluin  fully. 

2.  With  which  ciK'fficient  of  elji-sticity  are  we  cuncrrncd  in  parh  of  the  fol- 
lowing eases?  Give  reasons,  (o)  Tlic  streteliing  of  u  spiral  spring;  (6)  the 
fitrctehing  of  a  nibt>er  l>and;  (r)  IhR  compn'jwion  of  a  pillar  by  the  load  which 
iV  beafH;  (tl)  the  rhange  in  size  of  a  bubble  as  il  risen  in  wat^'r;  {c)  the  bending 
of  a  plunk  that  restfi  on  two  sup}K>rts  when  you  walk  alon^  it. 

3.  Up<in  what  physipa!  pnt|X'rly  of  nrinltcr  docs  the  iiioiu'^urcment  of  force 
by  meoiu  of  a  spring  bulan*^-  di'iirnd?  State  what  jthyHicul  chauKi'  takes  plat* 
in  the  aprinp,  whon  the  Imtance  is  overloaded.  Define  all  physical  terms  used 
in  your  answer. 

4-  What  nKKlulu»  ia  rrprcsentpd  in  ea<'h  of  the  fttlhiwinR  canes?  (a)  A 
wirr  in  Mf^^trhMi;  (6)  air  is  compressed  by  mcauH  of  an  air  pump;  (r)  a  md  is 
twisteil. 

(iivp  in  fa)  f\jid  ih)  an  expretLsion  for  the  niodulu.'?  in  terms  of  tlic  force 
ftppliodand  the  dimensions  of  the  object  diiitorted. 


I 
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§  2.   Universal  GTmntalion 

121,  Newton's  Law  of  Gravitation.— From  an  aniilysis  of  the 
laws  of  motion  of  the  planete  about  tlu;  Hiur  fonnulat^^d  l)y  Krpirr, 
Newton  reached  the  conclusion  that  between  the  sun  and  each  of 
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its  planets  there  is  an  attractive  force  which  is  inversely  pro 
tional  to  the  square  of  the  tlistance  between  their  centers  of  rr 
With  tho  insij^hi  of  genius,  N<^wt(»n  at  once  imagined  that  the 
same  law  that  appliets  to  these  celestial  lx)dics  applies  to  all  Ixxiics, 
whether  celestial  or  terrestrial.  After  a  long  aeries  of  invcstiKatio 
he  finally  enunciated  the  law  thai,  (1)  every  portion  of  matter  attn 
every  other  portion  of  matler;  arid  the  grtmUitiotml  force  between 
two  bodies  is  proportional,  (2)  to  tJie  product  of  their  masses,  (3) 
is  inversely  proportional  to  the  square  of  the  distance  belwefn  l 
centers  of  mass^  (4)  is  independent  of  the  kind  of  mailer,  and 
is  independent  of  Ike  intert*ening  medium.  This  very  far-reaching 
generalization  is  called  Newton's  Law  of  Univei*Sivl  Gravitation. 
A  force  existing  l>etween  two  bodies  that.  t-eii<ls  lo  move  them 
apart  is  termed  positive,  while  one  that  tends  to  bring  them  to- 
gether is  termed  negative.  Thus,  the  ^jravitaltonal  force  existing 
between  two  l.>odies  of  masses  mi  and  m-jj  whose  centers  of  mass  are 
separated  by  the  distance  f/,  is 


lies, 
on^H 

(3) 
theism 


F=  -G 


d2 


(89fl 


where  G  is  a  positive  constant. 

122.  The    Gravitation   Constant— The   simplest    me(ho*I    of 

mea:?uring  the  iittraclion  between  two  small  Liodios  and  of  deter- 
mining   the  gravitation   con^f 
stant  is  by  means  of  the  torsion 
balance.     This  consists  of  two 
equal    stationary    masses,  f>l^| 


<) 


© 


m, 


Fi«.   120. 


and  m'l    (Fig.   120),    together" 
with  a  suspended  system  in- 
cluding a  very  delicate  VGrtj^f 
cal  fiber  supporting  on  its  lower  end  a  thin  uniform  horizontal^ 
rod  carrying  on  its  two  ends  equal  masses  mo  and  pi'a-     The  four 
bodies  arc  so  arranged  that  their  centers  of  mass  lie  in  the  sam^| 
horizontal  plane,  the  distance  betwwn  the  centers  of  mass  of  the^ 
stationaiy  bodies  equals  that  between  the  suspvended  bodies,  and 
the  axis  of  rotation  of  the  suspendixl  s>stem  passes  thniugh  th^| 
point  midway  between  the  centers  of  mass  of  the  stationary'  lx>dies.^^ 
mi  attracts  m^t  aiitl  m'l  attracts  m'z-     These  two  forces  produce 
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a  couple  that  tends  to  rotate  the  suspended  system.  The  rota- 
tion is  opposed  by  Iwmting  the  wire  that  supports  m-j  and  m'-j. 
The  wire  is  twisted  until  m^  and  7/1 '2  when  sup|»<)ri-tHl  hy  the  twisted 
wire  are  in  the  saine  ix>8ition  that  they  take  when  the  wire  is  not 
twisted  and  mi  and  m'l  are  not  near  theni.  Frotn  tlie  angle 
throu^  which  the  supporting  wire  has  to  l>e  twisted,  together  with 
the  known  masses  and  dimensions  of  the  apparatus,  the  gravitation 
constant  can  be  calculated. 

Thifl  method  was  first  used  by  Cavendish.  Later  it  was  con- 
siderably refined  by  Boys,  who  found  the  gravitation  constant 
to  be 

C  =  6.6.57fKlO-*)*C.G.S.  units. 

This  means  that  if  two  lead  spheres  each  2  ft.  in  diameter  were 
placed  so  that  they  hicktyj  0.1  in.  of  touching  each  other,  the  foree 
with  which  (liey  would  attnicteaeh  other  would  In*  ctiual  to  the 
wei^t  of  about  ^^  of  a  grain,  i.e.,  to  about  tjs  P^rt  of  the  weight 
of  jm  American  nickel  five-cent  piece. 

Knowing  the  value  of  the  gravitation  cooBtant.  tuKether  with  the  radius  of 
the  curth  and  the  ftroeleralirm  duo  to  gmvily,  thp  ma.s.s  and  mean  density  of 
ihip  (^fl/th  ran  1>p  compul^i.  Thiw,  if  tho  nuim  of  tho  earth  ia  represented  by 
Mt,  ctir  nuigiittudi^  *ti  the  grtt vital ional  force  between  the  earth  and  a  uiaaa  of 

gnaa  at  ita  surface  is 

WbeiHse,  m-  =— . 

At  the  poles  th^  radius  of  the  earth  is  about  6357  km.,  and  the  aooder»t>(ni 
doe  Ui  gravity  is  abriul  083  cm  [>er  second  in  one  second.  Using  these  data 
and  assuming  that  the  earth  i.^  a  sphere,  we  find  the  mafis  of  the  earth  to  be 
about  6  (10")  g.t  and  its  mean  density  to  be  about  5.5  g.  per  cc. 

QUEHTIONS 

1.  Aa  the  earth  traveU  amund  it^  eUiptiral  orbit  iu  velocity  alternately 
incrases  and  deen^oties.  Dtj<^  Mum  mejui  that  iho  tolul  energy  (»f  the  earth 
aUmiat^ly  increases  and  dwreju-w'-s?     Kxplain. 

*  ThM  may  be  read  either  A. 0575  times  ton  to  the  tiegativr  eichth  puwer,  or,  fl.6A7tt 
eicbtbrta 
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S.  Would  the  following  chAnges  increase  or  decrease  weight?  (a)  Do 
bling  the  nuiHs  of  the  earth;  (b)  doubling  the  size  of  the  earth  without  ehangi: 
(he  xna»9;  (c)  doubling  the  deasity  without  plmnging  the  iruLsa. 

3.   Explain  why  a  given  body  doi«  not  weigh  0.4  muoh  in  a  deep  mine  as 
on  the  surface  of  the  earth  at  the  aanie  latitude. 


d 


§  3.  Properties  of  Gases 

123.  Boyle's  Law. — In  16<U  it  wiis  announced  by  Robert  Boyle 
that,  to  a  hij^Ii  do^nr  of  ftpproxinialion,  tho  volume  of  a  given  uutss 
of  gas  varicji  with  I  ho  pn's.s(ire,  w<j  Kjiik  ;ls  its  t.piiitx'raturc  remains 
unc'hangtMl.  'ilitis,  for  a  given  mass  of  gas  at  oonsUint  tcmpei 
lure, 

Now,  for  a  gas  at  given  pressure  and  temperature, 

Focm. 
Therefore,  for  a  gas  at  constant  temix^rature, 

Whence,  if  the  const^int  of  proi>orlionality  be  denoted  by 


or 


FV  =  vUi, (S 


where  A*  is  a  constant  for  the  parti<'ular  kind  of  gas  at  a  definite 
temperature.  Thus,  if  iit  the  pressures  Pi,  P2,  Pa.  etc.,  tht'  tem- 
perature rcmnining  coiistjint,  a  given  mass  of  gas  has  the  res] 
ive  vohimes  I'l,  V^,  I'-i,  etc.,  then 

PxVx  =/-'2F2^p3r3^etc.  ^a  tM:>nstant  quantity. 

If  the  density  of  a  gas  be  denot^xl  by  D,  then,  from  (W)), 

P  =  kD 

The  result  expressed  by  (90),  (91),  or  (92)  is  called  Boyle's' 
Law.     These  et^uatious  are  approximately  true  for  most 


Ji 
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tbroiii^oui  a  ponsiderable  range  of  pressure.  Boyle's  Law  is 
ugujilly  enunciated  in  the  form  of  (91),  or,  in  words,  Ikeprodxtci  of 
the  j>reHSure  and  the  volume  of  a  gtu  kept  at  constant  tefnperature  is  a 
con^unt  quantity,  A  perfect  or  itle^d  gas  is  an  hypothetical  sub- 
stance that  would  obey  Boyle's  Law  for  all  pressures. 

12^  The  Closed  Manometer. — Boyle's  Law  furnishes  a  flimple  mothud 
of  determining  the  prcsf^urp  uf  a  fluid  whose  pressure  is  too  Rttial  to  bt;  run- 
TCoienUy  meufiured  by  meonn  uf  on  o}M*n  tnanometcr  (Art.  107).  The  Kim- 
pleat  form  of  closed  manometer  consists  of  a  gla^s  tube  .V  Y  ^Fig.  121;  closed  at 
aoe  ead  and  counoct^^  at  the  other  to  the 
iBBervoir  R,  the  pressure  inside  of  wliich 
is  denrod.     In   the   tube  ifl  a  globule   of 

mercury  C  which  Keimmtes  the  iiir  or  other  \x c'  c 

(CAA  in  the  fartliei'  ejid  of  the  tul)o  from  the  ^(  ^i  *j  ^^      \ 

fluid  in  the  reservoir.  SupiKwe  llial  wh*n 
the  manometer  is  connected  to  ihr  reser- 
voir the  mercury  index  standfl  iu  tiic  ptjsi- 

tion  indicated,  and  that  when  the  maiioru-  Fia,  121. 

eter  i»  distri>iinectcd  frfjm  the  refler\'oir  and 

the  end  A'  is  subject  t«  the  ntinospherif  pn-ssun'.  llie  index  Htands  at  C*. 
If  the  tube  is  of  uniform  crosw-section  A,  the  vohimo  of  the  uir  beyrtnd  the 
mdex  is  Al  in  the  first  eaec  and  in  the  se<-ond  AV.  If  the  temperature  of  this 
air  is  the  aame  iu  both  caaca,  it  follows  from  (91)  that 

PAl-=P'Al\ 

wIktc  /*  denotes  the  pressure  to  l>e  measured  and  /-*'  the  pressure  of  the  air 
in  tl»e  nntm.     Hence, 


PJ-^P'. 


(03) 

^MSo  that  if  the  pressure  P'  of  the  air  in  the  room  is  known.  P  can  be  raleiilated. 
^BbL  Kelvin's  sounding  mnchine  is  an  instrument  in  common  use  by  shiptt' 
^nH|itainj9  for  making  srtundings  oa  a  vessel  uppmActi(«  land      It  cnnitists  of  n 
narmw.  straight  tube  of  uniform  bore  clci9e<l  tit  one  end,  coated  in^de  with  a 
substance  that  changes  color  when  wet  wiili  salt  water.     The  bore  of  the 
lube  is  8o  small  tlmt  wtiter  will  not  enter  without  prewBtire.     On  lowering  this 
tulM:  into  the  seii,  water  is  forced  into  the  tube  by  the  prcssxur  of  the  water 
sbovc.     By  mca.'mriiig  the  length  <if  the  tube,  and  the  diatancc  from  the  end 
of  thr  coIr>ration  to  the  clowd  end  of  the  tube,  the  pnjssure  of  the  water  at  the 
bottom  of  the  sea  can  be  nhtained  by  means  of  Boyle's  Law.     Knowing  this 
and  the  density  of  se-a  water,  the  depth  vnn  Iw  comiKited      In  pmc- 
lubea  are  calibrated  9o  of  U  uidjf*%te  depths  directly  without  com- 
putation. 
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126.  Dalton's  Law.^If  a  number  of  diiTprent  gases  which  do 
not  react  uix)»  one  anol-lier  arc  |jlaced  iu  the  same  reservoir,  a 
homogeneous  mixture  is  quickly  foniied.  It  has  been  shown  from 
measurements  made  by  Dalton  that  the  pressure  at  any  point  in 
the  mixture  is  eqtiftl  to  the  sum  of  the  pressures  whicli  eaeh  of  the 
gases  would  separately  exert  in  the  given  space.  This  fact 
known  as  Dalton's  Tjiw,  and  this  law  ^ugpests  that  a  gas  Ls  com- 
posed of  tliscrete  particles  whifh  are  in  rapid  motion  and  who8e_ 
size  is  small  compared  to  their  distance  apart. 

§4.   Moiivular  l^wptrticJ-s  of  Matter 

126.  The  Constitution  of  Matter. — Many  phenomena  suggc 
that  all  forms  of  matter  are  biiilt  of  minute  liodies  which  are  in 
violent  motion.     Since  there  arc  no  known  facta  that  are  in  opposi- 
tion to  the  assumption  that  gases,  liquids,  and  solids  arc  thus  coi 
stitulcd,  and  ils  the  conception  of  such  a  mechanism  serA'is 
valuable  purpose  by  fixing  the  thoughts  uix)n  an  easily  appre- 
hended model  which  obeys  the  same  laws  us  do  the  many  abstruse 
phenoniena  of  matter,  it  is  convenient  to  assume  that  matter  is    . 
composi'd  of  iniruite  Ixxlies  which  are  in  rapid  motion*     This  liH 
one  of  the  fundamental  hy]X)theses  of  the  kinetic  theory  of  matter.^* 

The  smaUesl  parti(rle  of  a  body  that  can  jjossesa  the  properties 
of  the  substance  composing  the  body  is  called  a  molecule.     T 
motion   of  moleculrs  is  subject  to  the   attnu'tirin   of  neighlxirii 
molecules.     When  two  nitilecules  <*o!li<le,  each  will  ifbouiui. 

In  a  gas  the  molecules  are  sejiariilcd  by  dLstarices  thiit  are 
so  great  compared  with  their  diameters,  that  a  UK>lecule  is  bu^H 
slightly  inthieiiced  by  the  attnu'tion  of  neighboring  molc<.'ulei^| 
and  will  travel  a  consiileruble  distance  before  striking  another  mole- 
cule. Tliis  nearly  frin*  wandering  of  the  molecules  explains  why 
a  gas  is  able  to  ojcpand  to  any  extent  and  fill  anv  vessel  inclosing 
it.  Wlieuevcr  the  ejc|Kinsion  is  r**sisted  by  iiinlusing  a  gas,  the 
impac^t  of  molecules  against  the  sides  of  the  vessel  causes  a  pressm 
It  is  pr<>bal>le  thiit  thi'  diamet-er  of  a  hydrogen  molecule  is  al 
6(10)~®  cm.,  it^^mass  is  about  5  (10)"^^  g.^  ami  wh»*ii  under  atjnt 
pheric  pressure,  its  mean  free  path  is  about  2(K)  limes  its  diamel 
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In  a  liquid  the'  iikiIituIos  are  much  clos<»r  top;e(hor  than  thoy  arc 
in  a  g9S.  The  tueaii  distance  between  the  centers  of  adjacent  mole- 
cules in  a  liquid  is  not  greater  than  twice  their  diameter,  and  the 
mean  free  path  is  less  than  half  the  diameter  of  a  tnolecvile.  The 
short  distaiict^  l)etween  inolccuk^  in  a  htjuid  cause  greater  foreejs 
to  be  exerted  between  molecules  of  a  liquid  than  between  the  niole- 
culra  of  a  gas.  In  the  interior  of  a  litjuid  the  nioleeulur  forces 
acting  upon  a  molecide  are  sensibly  in  eciuilibrium.  A  molecule 
at  the  surface,  however,  is  pulled  inward  with  an  enonnnus  force. 
It  is  estimated  that  thjs  interna!  nioleeiihLr  force  is  of  the  order  of 
magnitude  of  900  atmospheres  pre.ssTiic.  This  furrt^!  resists  the 
escape  of  molecules  from  the  liquid. 

In  solids  the  molecules  are  packed  even  more  closely  than  in 
liquids,  their  n»ean  free  path  is  shorter,  and  the  force  between 
adjacent  molecules  is  greater. 

127.  Adhesion  and  Cohesion.  — If  zi  horizontal  glass  plate  be 
hmught  into  contact  with  the  free  surface  of  a  vess('l  of  water, 
a  c/>nsiderahle  force  will  be  required  to  lift  the  plate  from  the 
licjuid  surface.  After  the  plate  ha.**  bet^n  withilrawn,  its  surface 
will  I>e  fotind  to  Ix*  covered  with  a  film  of  water.  Tliis  shows  that 
tiierc  w  an  attractive  force  between  the  nmlecules  of  li<iuid,  an 
attractive  fonre  hctw(»en  the  li(juid  and  the  f!;lass,  and  that  the 
latter  force  is  greater  tlian  the  former.  The  force  nnjuiretl  to 
separate  two  l>odics  of  the  same  nmterial,  per  unit  area  of  contact, 
is  called  the  c/}he»ion  of  the  given  material.  The  force  retjiiired  to 
separate  (wo  Ixxlif^  of  different  material,  per  unit  area  of  contact, 
is  called  the  adhe^'on  of  one  material  to  the  other. 
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TWo  plane  poliahed  glnsn  plates  preawHl  firmly  together  will  cohere  so 

gly  that  it  is  imposaible  to  scptirate  tlierii  wittiuiit  rupture.     Glue  and 

Its  a<tberr  si>  stn>ngly  tn  Homo  suhsljifiteii*  that  llie  subatunces  will  bn-ak 

mther  Uwn  the  juiiil  between  the  glue  anil  ttie  8ub>8tance.     Gases  adhere  to 

•obd^i  wry  strongly      To  free  glass  from  the  adhering  air  film  requires  heating 

to  a  high  irmpemtunf. 

FJItTAtion  ifl  nn  example  of  adhesion.     A  filter  is  a  porous  Bubstanre  which 

arrata  solid  Ixxiics  s)iH|K;nded  in  a  fluid.     That  a  filter  is  not  Himply  a  sieve  in 

by  the  fart  that  it  will  arrej^t  bodip-s  niui-h  srnalkT  than  tlir  iiiUTstices 

the  titter      A    piet-e  of  iirighized   porrplnin   iviM    ciirujiletely   prevent  the 

of  bodies  une^thirticth  of  the  diameter  of  the  porea  of  the  porcelain. 
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128.  Surface  Tension.  -IL  Is  a  inritt^r  of  common  obsorvat 
that  a  .small  Ixuly  of  any  lujuid,  not  in  contact  with  other  IkhI 
assumes  a  ^lolMihir  form.     This  fact  is  c*xplaincd  by  the  mutunl 
attraction  of  thi'  luolecnles  of  wliich  the  <lrop  is  conceived  to 
composed.     A  particle  of  liquid  inside  the  bounding  surface 
acted  upon  by  a  system  of  forces  ihie  lo  the  :»tt ructions  of  otl 
molecules  on  all  sides  of  it.     A  molecule  well  inside  the  l^oundii 
surface  would  be  attnict^Kl  uo  more  in  one  direction  than  in  another. 
and  would  therefore  bo  in  e*|uiHl>rium  under  the  aclion  of  thrsi* 
forces.     But  since  a  molecule  of  liquid  situated  in  the  surface  is 
not  entirely  surrounde*!  by  similar  molectdes,  the  n^uUant  of  the 
attractions  of  the  ueighborintE  molecules  will  urjj;e  it  t^_»\vard  tl 
intciior  of  the  body.     If  no  outside  force  acts  upon  the  liquid 
can  be  shown  that  it  will  assume  the  shape  having  the  least  8urfa< 
viz.,  a  s[>horic!d  fonn.     Th<'  foTce  in  n  liquid  surface  cruising  it  to 
contract  is  cidted  surface  Utmon.     The  tendency  of  the  suj-faeo  of 
a  liquid  to  assume  the  smallest  area  consistent  with  the  volume 
of  the  liquid  and  the  exteni:il  forces  acting  iqx^n  it  is  similar  to  the 
action  ihat  would  be  prcMiuced  U  the  surfaer-  of  the  liquid  wcr^^ 
transfonucil  into  a  thin  contractile  membrane.  ^M 

One  imix)rtant  difference  tx'tween  the  action  of  surface  ten.'^ion 
and  that  of  a  tliin  contractile  mcnd^raiie  inclosing  the  fluid  is  thal^_ 
whereas  the  tetksiou  in  the  uiembrane  depends  ou  the  amount  fiHH 
stretchin^r  and  may  be  prater  in  one  direction  tlum  in  another,  the 
surface  tension  of  a  liijuid  is  eonstunl,  however  nmch  the  surface 
is  extendetl,  and  at  any  jxtiiit  Ihc  surface  tension  is  the  same  in  jdl 
directions.  With  this  exc(^ptiou  there  is  a  close  analogy  betwetui 
surface  tension  and  a  stretched  film.  This  analog^'  will  serve  a 
useful  purpose  in  helping  one  to  foresee  the  eitect  of  surface 
tension  in  special  cases. 

The  magnitude  of  surface  tension  is  measured  by  the  foi 
acting  in  the  fluiil  surface  perpendicular  to  a  line  of  unit  lenj 
situated  in  the  surface.     The  magnitude  of  the  tension  in  a  given 
fluid  surface  dep<»nds  upon  tlie  temperature  and  also  ujwn  the, 
substunct^  in  contact  with  the  surface.     Wlien  the  temperature 
raised,  the  .surface  tension  diminishes.     At   20°  C.   (68*  F.) 
tension  of  the  surface  separating  water  from  air  is  SI  dynes 
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centimeter.  At  this  saiiir  tcinpt'ratiirt',  the  tonsitm  (if  tho  .surface 
sefiaratiiiR  olivr*  oil  from  air  is  37  tlyru's  fwr  (*tMitiinrt<*r,  whiU'  thf 
t4*4ision  of  the  surface  separating  olive  oil  from  water  is  20.6  dynes 
per  centimrtJ^r.  Whrn  the  trinpondun^  Ls  raised,  the  tension  in  all 
these  surfaces  is  dimini^lifxl,  althoujih  that  in  the  surface  separat- 
ing air  from  wat<-*r  diminishes  nuieh  nnire  rapidly  than  the 
others. 

In  Fig.  122  let,  A  rrpresent  &  drop  of  nlive  oil  plnred  on  a  siirfaw  of  wat«r. 
St  ihr  linr  of  oontiirt  of  ftir,  nil,  anJ  w;iter,  there  un'  llmv  tr^nsioriN,  lluil  in  ihc 
Mirfjicr  sTfiaratint;  wutcr  from  air,  7'i.  that  in  tlie  Hurface  .sepuruting  oil  from 
air,  Tu  &nd  thnt  in  tiic  surface  %pnrntinK  oil  from 
w»t4!r.  7*1.  At  ordinary  toruperatun-si,  T|  h*  groaUT 
tisan  the  wim  of  Ti  and  Ti.  Consequently  the  oil 
wOl  spre&d  out  iudeiiiiitely  on  the  t<tirfu(*o  of  the 
wnler.  If  the  temperature  of  the  watnr  is  mised,  Tt 
will  diminish  in  value  faster  than  Tj  and  Tt,  with  the 
result    that  equilihriuni  will  he  iiltaimtl  hclwpen  the 

tiMijtion?  in  the  surfaces.  W'lion  this  o(U'urs,  the  drop  will  cease  to  B[)rotid. 
If  the  leraperalure  ia  raised  still  hiKher,  the  drop  will  con(raet  into  a  coinpiict 
letiticiiUr  shajie. 

In  order  that  the  spraying  of  trees  and  plants  may  he  cfTective,  the  drops 
of  liquid  must  wet  th«*  foliage.  Consequently,  the  siirfaiie  tinision  between 
the  drrtp  aiid  air  ( 7'i.  Fig  1U2),  raiuil  be  snudl.  To  lower  tliis  surface  tension 
MMipy  suhtttaAces  ure  ixjuunonly  added  to  spraying  solutions. 

If  a  snmtl  object,  such  as  a  wowing  nerdic,  be  cnated  with  n  thin  film  of  oil 

and  be  tlieu  carefully  placed  on  the  t^urface  of  water,  it  will  float,  even  tlitutKh 

itJA  density  be  conHiilonibly   gn^ater  than  water.     \a 

\  T    /^»  *"   *''^   ^"^'^   i:onai*lf*re<l    in    l"i(<.    V^li,   at   the   line  of 

\  \^,~^ /  wintjirt  of  air,  nil,  antl  water  there  are  thri***  tonninns, 

Jr^\L Tu  T%,  aJid  V',.     In  addition,  the   small    body    B   \a 

actt>d  upon  by  its  weight  downwrfrd  atkd  a  f<»roe 
upward  equal  to  the  weight  of  the  water  displaced 
When  the  weight  of  the  wuter  difipla4*ed,  plus  the 
sum  of  the  vertii'al  eoniponent.s  of  7*1  and  V'l,  eqvials 
the  sum  of  the  weiglit  of  the  Intdy  and  the  vertical 
nent  of  Ti,  the  body  will  float.  In  this  manner  ioaeeta  derive  their 
rt  when  they  walk  on  the  siu-faee  uf  wat<*r. 
Hain-proof  fabrics  eonsint  of  clotli  earh  fiber  of  which  is  coated  with  n 
^  nticnwicopic  film  of  a  substance  of  such  small  surface  tension  that  it  is  not  wet 
^k  Ify  water.  Water  dni]»s  falling  on  such  a  fabric  will  roll  off  like  mercury  fn»m 
^BjaH^pui  gUia»  plate. 
^^^^Vater  spreads  over  a  clean  glass  surface,  but  not  over  a  greasy  surfare. 


__  _J,.^^.r= 


Fig.  123. 


this  roiaou,  air  particles  in  water  contained  in  a  clean  gloss  vessel  will  not 
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cling  to  ihcaiUu^^  uf  i\w  v&ise\.     Uul  ir  the  glass  bo  i^reaf^y,  bubbles  will  ctiug 
the  aides. 

Certain  solids  arc  more  readily  contcd  with  a  film  of  oil  thun  otliem.  ] 
example,  if  a  mixture  uf  {mrtlrles  of  sand,  tnct«.ls  and  luetullic  sulphides 
shaken  with  water  ajid  a  vcr>'  httlc  oil,  the  particles  of  metal  and  of  the  sul- 
phides will  be<'oine  coated  with  a  film  of  oil  whereas  the  sand  will  not.  ITjo 
Khakirig  will  ra^ise  air  bubbles  to  rlirig  to  the  greasy  particles  thereby  buoying 
them  up  Biifficienily  to  cause  them  to  rise  to  the  surface.  By  Kkimming  off 
the  fuani,  the  metal  and  sulphide  j»artiflej<  arc  seiwimtcd  from  the  sand  and 
other  ]Kir(ieleJ».  This  is  the  bo^sis  of  the  flotation  proee^  of  se{>urating  cert 
ores. 


The  faet  that  the  snrfare  tojunon  of  an  oil-air  surface  is  much  less  tl 
tliat  of  a  water-air  surface  is  utilized  iit  rethiciiig  the  wuvc-s  in  a  storm  at 
wave  invnivert  clmngiw  in  the  surface  'I'his  stretching  and  ihinning  of  the  oil 
film  will  be  greater  ut  Home  portions  than  at  othirs.  Where  the  oil  film  is 
tliinnest  the  surface  ten.sion  will  be  tht?  greatest.  Hence  pulU  will  be  exerted 
on  the  less  stretched  portions  of  the  surface  by  the  more  stretcliml  portions. 
Thi'-'^c  pulls  ill  the  surbnr  rtituil  nn  absorption  of  the  energy  of  the  wave  and  a 
diminution  of  ihe  amplitude  of  the  wave. 

Owing  to  the  reduction  of  surface  tension  by  lui  increaftC  of  t-emi>crature 
the  oil  film  on  a  heated  bearing  is  drawn  away  from  the  rubbing  surface  tow 
the  Burrounding  cockier  part.t.     Tliis  nuiy  cuui>e  the  lubrication   to  becoi 
more  and  ntore  defective  until  finally  a  "hot  lx»x"  is  produced. 


-ure 


129.  Pressure  Produced  by  Surface  Tension.-^Duc  to  surfa* 

ti^nsiun  Ihe  sinfacc  of  :i  wjitrr  lirop  oi-  an  air  bubble  will  contraet 
till  stopiM^d  hy  a  rountomclinp;  force  prtMluct'tj  by  [pressure  within. 
Wo  si  mil  now  fiml  tho  viihn;  of  the  proftsiire  pnxluced  by  surfaottH 
t«nsiiMi  witliiii  a  spli(M-ical  drop.  ^| 

If  the  surface  tenaiou  be  T,  ihc  edgos  o!  tho  two  halves  of  the 
surface  of  a  drop  of  radius  r  will  bti  piilU'd  together  with  a  force 
2TrT.  This  foi-ce  is  couutoractwl  by  a  force  due  to  pressure  devel- 
o|x*d  within  tiie  sphere.  E  the  pressure  be  denoted  by  P,  tht 
acro.ss  the  equatorial  .^n^ction  of  the  sphere  of  ratlitijs  r.  the  total  foi 
uill  be  Pirn.     And  since  the  counteraction  equals  tlie  actiou, 

Ptt^-^^wtT. 

Therefore,   the  presstire  within  a  sp}ipncal  surface  of  radius 
produced  by  a  surfa<«;  tension  T  has  the  value 

r 
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the  mternuJ  prrastjrc  reqtiirod  to  hold  in  equilibrium  the  tension  of  a 
curved  surface  is  iiivprsoly  profKjrtiouut  to  tho  radiu-s  of  curvature,  it  follows 
vapor*  will  nmtr  rmdily  condonsp  on  i>ointa  joid  edges  than  on  fiat  sur- 
}^rutjke  and  dust  particles  facilitate  the  cuiidenaatiuit  of  wat^er  vapor  in 
the  air.  In  the  region  of  uuuiufacturing  centers  and  of  great  battles  fogs  and 
oins  ore  ooinmon. 

If  the  miHaeeM  of  f^olid  bodies  be  uniformly  wetted  and  then  placed  in  oon- 
ihepc  will  be  a  great  outward  pull  in  the  film  at  the  points 
ttact.  Tliis  pull  will  develop  a  diniiuishet!  pressur*?  within 
"tBc  film  at  tbt»sc  p*iint8.  Consequently,  the  hquid  will  Ijc  drawn 
into  the  f*i>aoe«  iH-tweeu  the  bodies.  The  imrticlea  of  a  inoist, 
mit  wet,  af)il  arc  encluscd  by  thin  films  of  water  held  in  place  by 
fturface  leiufion.  The  greater  part  of  the  wal-er,  however,  is  col- 
lected in  the  anglca  between  the  particles.  Fig.  L24. 

In  the  case  of  a  vertical  column  of  soil  particles,  the  weight  of  Fio.  134. 
the  film  will  cause  a  downward  flow  and  a  coriscqucnt  thinning 
aboTeand  thickening  below.  This  action  will  continue  till  the  Riirface  ten- 
taooM  and  internal  prrssurea  are  balance<l  at  all  points.  If  now,  water  be 
removed  from  the  eontxicl  angles  at  the  u[>{K'r  end  of  the  column,  by  ovap- 
orution  for  e-\aiu|ile,  the  internal  pressurL'a  in  these  angles  will  be  dimiii- 
tshed  and  water  will  ascend  from  below  till  cupiilibrium  is  again  attained. 
An  in<:reii9c  of  temperature,  by  decreasing  the  surface  tension,  diminishea 
the  luijount  of  water  that  would  be  raised.  But,  on  account  of  the  dimi- 
nution of  viscoaity  tbej-cby  produced,  an  increase  in  temperature  will  increase 
the  rate  of  hae  of  the  ^ator. 

130.  Capillarity. — The  tenpion  of  a  liciuid  surface  in  contact 
with  a  sr»ii<l  is  wry  iniirkod  whm  the  Inttrr  is  aenpillaiy  tiil>e,  i.o,, 
one  of  very  amaH  bore.  As  this  ease  has  been  considerably  studied, 
the  phenomenon  of  surfat^  tension  is  often  termed  cafiillarity. 

Consider  n  liquid  in 
contiLct  with  a  vertical  solid 
surface.  At  the  lineof  ron- 
lart  of  air,  litpiid  and  solid, 
there  are  three  tensions — 
that  in  th(^  surface  separat- 
ing; air  and  .sulid,  Ti,  that 
in  the  Huifac«!  separating" 
liquid  and  solid,  7^2,  and 
that  ill  the  surface  s(*panit- 
ing  air  and  lujuid,  T^.  If  Ti,  is  greater  than  T-i,  the  liquid  in  this 
re^OQ  will  be  drawn  up  above  the  level  of  the  general  surface 


Fig.  125. 


■I 


162 


PROPERTIES  OF  MATTER 


■sscu 


(Fir.  125).     Water  and  glaas  is  an  example  of  this  ease.     If 
ever.  T2  is  greutcr  t  liun  7*1,  the  liqiiifl  in  this  region  will  be  depressed 
below  the  level  of  ihe  general  surface  {Fig.  126).     Mercury 
glass  is  an  example  f)f  thin  ca.se. 

If  the  .solid  he  in  the  form  of  a  capillary  tube,  these  effects 
be  gristly  majinifiiHl.  Due  tr>  surface  tension,  water  will  ri.se  in  a 
pre\'iously  moistened  fine  glass  tjjlw  several  inches  above  the 
general  .surface,  and  mercury  will  be  correspondingly  depressed 
below  the  level  of  the  general  surface. 


The  uction  of  wicks  in  feeding  oil  to  a  flauiQ  m  an  example  of  capillarity. 
Af^in,  the  porra  or  rainiit*  spaces  botwwm  particles  of  fine  »»il  aot  as  small  ^ 
tiil>cH  in  hririKing  iiK>Lsture  to  the  surface  of  the  ground.     .Vnything  that  wifl^l 
cutnrgo  these  s{)aces  will  serve   to  dimini.'^h   the  capillary  nctitni.     For  this 
reason  cultiviLtion  rctiinlfi  the  evaporation  of  moisture  from  the  ground. 


131.  Solutions — Solution  Pressure. — If  some  sugar  be  pli 
in  water,  the  solid  will  disa|)|X'ar.     The  sugar  is  .said  to  dissolve 
the  water  and  form  a  solution  of  ffugar,     A  sohdimi  is  defined  as  a 
homogeneous  mLvturc  of  two  or  more  substances,  incapable 
separation  by  mechanical  means,  in  which  the  relative  qua&titii 
of  the  eomixinents  can  vary  continuously  between  certAin  limits 
The  solvent  is  the  substance  in  largest  proportion  ^  and  a  solute  is 
substance  present  in  le.ss  proportion.     As  more  and  more  solute  is 
added  to  the  solution,  a  state  may  finally  be  reached  stich  that  if 
more  be  introduced  it  will  not   dis.Mf)lve  at   that  particular  tern- 
peniture.     A  solution  that  has  di.ssolved  all  it  can  at  its  presei 
temiJcrature  is  add  to  U*   satttratcfi.     The  ratio  of   the    tnnss 
solute  to  the  mass  of  solvent  in  a  .saturated  solution  at  a  given 
tempemlure  is  cidled  the  Holubility  of  the   solute   at    that    tem- 
perature.    On    going   into  solution,  the  molecules  of  some  sul 
stances  divide  into  partes  called  ioiin. 

In  most  cases,  the  solubility  of  solids  increases  when  the  tei 
perature  is  raLscnl,  wliile  tl»e  solubility  of  gases  deereai*es  when  the 
temperature  is  raised.     When  the  pressure  is  increased,  the  sol-^ 
ubility  of  solids  increiLseif  slightly  and  that  of  gases  increases  coii^| 
siderably.     The  solubility  of  a  given  material  is  usually  less  in  a 
solution  of  another  substance  than  in  the  pure  solvent.     On  ad< 
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ft  liquid  to  a  solution  with  whi<'h  it  can  niix,  the  solute?  will  l)e  pre- 
cipitated from  the  wjlution  to  sotno  extent  if  it  Ix.'  insoliiljlc  in  tlic 
liquid    added. 

If  a  saturated  solution  is  slowly  cooled,  some  of  the  solute  is 
slowly  deposited  or  cr>'stallizcd.  To  start  the  cr>'stHlli/-Jitinn  it  is 
oeceaeary  to  have  a  nucleus  Kiich  as  a  [Nii'ticle  of  (last,  a  sharp  ix^irit 
protruding  int-o  the  solution  from  the  side  of  the  dish,  or  a  crystal 
of  the  solute.  If  no  such  nucl*  us  is  present,  anfl  the  solution  is 
OQoU^i,  it  will  l>econie  suixTsatunit^nl,  tliat  is,  will  criritain  more 
solute  than  the  ^ven  quantity  of  solvent,  can  ImKl  in  stuMi'  (■(juililv 
riurJi  at  the  jpven  teni|>eratuif.  A  supersjiturat.ed  s<')luti(m  is  in 
unstable  et^uilibrium  with  respect  to  the  internal  forces  actitiR  upon 
the  molecules  comix>sinj;  it.  A  sliRht  disturbantx;,  such  as  the 
introduction  of  a  cr>stAl  of  the  solute,  or  a  suilden  jar,  is  sufficient 
to  start  crystallization.  A  solution  can  be  rendereil  supoi-saturated 
by  evaporation,  by  i»irtial  freezing;,  Lind  by  various  other  means. 

The  fact  that  some  substiun'cs  dissolve  more  reatiily  in  a  given 
solvent  than  do  others  is  <IescrilMHl  by  the  statement  that  every 
suljet-ance  has  a  definite  solution  pressure  in  a  givcTi  st^lvent.  The 
itjn  pre^tntre  of  a  substance  is  the  measure  of  its  tendency  to 

into  solution. 

132.  Adsorption, — All  solitis  tend  to  condense  upon  their 
surface  any  gas  or  vai>oT  wilh  which  they  may  Iw  in  contact. 
Coooanut  shell  charcoal  condenses  on  ils  surface  such  a  large 
amount  of  any  poisonous  gas  with  whifh  it.  may  Ih'  in  contact 
tiiat  tliis  substance  is  much  used  in  ga.s  masks.  The  phenom- 
enon of  the  concentration  or  condensation  of  one  sulistance  upon 
the  surface  of  another  is  called  orisorjAion. 

A  given  material  adsorbs  difTorent  liquids  and  gases  in  unequal 
degree.  The  substance  that  is  ad.sorlw^d  in  greater  degree  will 
displace  a  substance  that  is  adsorlwd  in  less  degree.  If  a  stolid 
adsorbs  a  liquid  more  than  air,  a  liquid  tihu  will  mlbere  to  the 
-that  Ls,  the  liquid  will  wet  the  solid.  Oil  will  displace 
water,  while  alcohol  will  displace  oil,  when  in  contact  with  metal, 
(Saaoleue  will  ruu  through  a  fine-in(?she<i  metal  sieve  that  water 
will  not  run  through.  A  cloth  wet  in  alcohol  is  used  to  wipe 
the  oil  from  a  metal  surface. 
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If  a  Rolution  is  in  contact  with  either  a  solid,  or  a  liq 
ill  which  both  coiii]x>nciil,s  of  the  solution  ai*e  insoluble,  i 
if  the  surface  tension  between  the  solution  and  the  otlier  sub- 
stance is  different  than  that  between  the  solvent  and  the  other 
substance,  it  will  la-  found  liuit  in  the  layer  between  the 
solution  and  the  other  substance  the  concentration  of  the  solution 
is  not  the  smne  as  in  the  remainder  of  tlie  solution.  If  the  solute 
lowers  the  siirfuce  tei:sion  Ix^tween  the  solvent  and  the  other 
substance,  the  concentration  in  the  surface  layer  is  greater  tlian 
in  the  body  of  the  solution.  On  the  other  hand,  if  the  solu 
raises  the  surface  tension,  llic  concentnilion  Ls  less  than  in 
remainder  of  the  solution,  that  is,  adsorption  does  not  occur. 


na 


Due  to  adflorption,  the  first  portion  of  a  solution  passing  through  a  filter 
is  leaa  ooncentrat4Kl  than  the  sul^sequent  portion.     Due  to  iidsorption.  cerlaii^H 
soils  retain  soluble  salts  M'hich  prevent  their  being  carried  aw&y  by  mia.   Th^H 
proj>erty  dofxi-nds  upon  the  kind  and  size  of  the  particles  of  soil  and  also  upon 
the  kind  of  soluble  »iU 

Coffee  ib  cliiriiieii  l>v  iuiiliii(£  enK  albumen  Ix'fori.'  boiling.     The  solid  par- 
ticles adsorb  tlie  albumen  from  ihe  sctlution  of  albiuuen  in  water.     The  sub-^^ 
sequent  hejiting.  by  etiagulatLng  the  albumen^  separut<^  the  Holid  purliclc^H 
from  the  ltf]uid.     Similarly,  wines  are  clarified  by  the  addition  of  gelatine!^^ 
The  solid  particles  adsorb  the  gelatine  from  the  solution  of  gelatine  in  water, 
and  the  tannin  in  the  wine  tiHipulates  the  gelatine. 

The  first  stnge  of  dyeinp  js  an  adsoqition  process.     DyestulfB  lower  the 
surfaec  tension  of  their  solvents.     Hence  the  concentration  tjeeonies  great 
the  surfiK^*  layers  lH'tw<t*n  the  fabric  aiul  llie  dye.      In  fart,  the  roncenti 
tion  Incomes  so  p"eat  that  precipitation  neeurs  within  the  filx-r  of  the  fabi 
beinf;  dyeil.     If  this  precipiUifioii  is  areornimnied  by  a  chemical  action  bet 
the  dye  and  the  substance  of  the  goods  by  which  a  stable  insoluble  coin| 
ifl  formed,  the  dye  is  fast,  that  is,  cannot  be  washed  out  by  water. 

133.  Diffusion. — When  two  or  tnore  fluids  which  do  not  read 
chemically  ii|XJti  one  niiolher  lux'  placed  in  contact,  the  Uquids 
may  either  gnuhially  mix  until  the  whole  mass  is  horoogeneou^H 
or  they  may  form  ilislhict  layei-s.     The  first  Oix*ration  is  called^ 
diffusion.     Diffusion  is  due  to  the  motion  of  llie  molecules  con- 
stituting the  lifiuidi^.    Oases  difl'use  more  rapidly  than  do  liquid^^f 

Wlicn  the  li(iuid  forms  into  layers,  the  mutual  atlradiotis  o^^ 
like  molecules  i^  so  uuich  greater  than  the  attractions  between 
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unlike  molecules  that  very  few  molecules  of  one  kind  succeed  in 
breaking  away  from  their  fellows  und  migrating  amongst  the  mole- 
cules of  the  other  sort. 

134.  Osmotic  Pressure.^A  gas  tends  to  diptribute  itjself 
throughout  the  space  in  whicjj  it  is  situated.  This  tendency  can 
be  measured  by  inclosing  t-hc  gas  und  observing  the  pressure 
exerted  on  the  inclosing  wall  by  the  impact  of  the  moving  mole- 
cules. In  a  similar  manner  a  solute  tends  to  distribute  itself 
tiiroughout  the  solvent  in  which  it  is  aituate<i.  When  tliis  ]^mcess 
of  difTiLsion  is  hindered,  tlie  motion  of  the  molecules  of  the  Rf»lute 
may  manifest  itself  in  the  fonn  of  a  pressure  analogous  to  the  pres- 
flUie  developed  by  an  expanding  gas.  That  wliich  causes  a  sub- 
stance to  riiffuse  through  a  given  solvent  and  thus  occupy  more 
space  ife  callcHl  tlie  osmotic  pressure  of  the  S4>hite  in  the  given  solvent. 

On  account  of  its  solution  pressure  a  substance  goes  into  solu- 
tton.  WTien  it  is  dissolved,  it  has  a  certain  osmotic  pressure  whirh 
causes  it  to  diffuse  throughout  the  solvent  and  to  press  upon  the 
part  which  is  not  yet  dissolved.  This  osmotic  pressiirc  of  the  part 
that  has  dissolved  acts  in  opposition  to  the  s^ilution  pressure  of 
the  part  that  is  not  yet  ilissolved.  As  nn>rc  of  tlic  suljstanet-  dis- 
aolves  the  osmotic  pressure  of  the  dissolved  part  increases  until, 
when  a  certnin  amount  has  dissolved,  the  osinotiu  pressure  equals 
the  solution  pressiire.  The  solution  is  now  saturated,  that  is,  Lf 
any  more  substance  dissolvf's,  an  equal  amount  will  go  out  of 
solution. 

Osmotic  pressure  plays  an  im|X)rtant  part  in  the  production 
of  currents  of  electricity  by  galvanic  cells. 

136.  Semipermeability. — Tlie  <>Kmoti<T  pnvMHurR  of  a  solute  in  a 
given  Solvent  can  be  made  evident,  and  its  magnitiKle  measured,  by 
separating  the  solution  from  a  portion  of  the  pure  solvent  by  a 
partition  wlii<-h  prevents  the  passage  of  molecules  of  the  solute 
but  which  pennit«  the  passage  of  niolceules  of  the  solvent.  Such 
a  partition  is  called  a  semipermeable  membrane. 

Consider  a  mass  of  piire  solvent  -4,  Fig.  127,  separated  from 
the  solution  /?  by  a  membrane  M  that  is  jK-vnicahh-  to  the  s<.>lvent 
and  impermeable  to  the  solute.  Let  the  black  dot^  in  the  figui-e 
represent  molecules  of  the  Bolvont,  and  the  small  circles  molecules 
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of  t!u*  solute.  B(»th  .aide's  of  the  partitum  .If  an^  bombarded 
uioiecules, — the  uisidt-  hy  molecules  of  tho  sfolvont,  and  the  outside 
by  molecules  of  Ujth  it<jlvent  imd  sohitt'.  If  u  nioleculc  of  the  solv- 
ent strikes  tlic  [mrtition,  it  will  l)c  absorlMxiand  will  pass  through. 
Since  muleculcti  of  the  stiluto  cannot  fias.s  through,  those  of  its 

nioleeuies  in  contact  with  the  partition  scrce^f 
a  porlion  of  the  partition   from   the   impact™ 
of  molecules  of  the  solvent.     Since  one  sur- 
fare  of  the  partition  is  in  contact  with  mole- 
cules of  the  solvent   only,    wliile    the   other 
surface  is  in  contact  with  molecules  of  both 
solvent    and    s<ilute,    it    follows    that    more 
molecules   of  solvent  will  traverse  tlje  parti- 
tion i'roni  the  purr  solvent  A  to  the  solution 
li    tiian    will    traverse    it    in    the    opix)site 
(lin^eiion.     Thus,   the  w»lution   becomes  lesjij 
concentrated.     In    other    words,    the    solu^^ 
difTus<»s  tlirou^h  more  s<ilvent.     The  tendency 
of  the  solute  to  dilTuse   through   more  solvent   can   be  counter^ 
act<Ni   by   applying  a  pressure  on  the  solulion  l>y  some  device 
Fi(i;.  127.     The   piessure  neeessarj^  to  prevent  the  solution  froi 
altering    in    troncentraticm   equals   the    pressure    with    which    the' 
solute   tends  to   expand   through  the  solvent,  that  is,  eciuals  the 
osmotic  pressure  of  the  sttlute  in  Ihe  given  solution.     Theosmotii 
pressure   can   Ije   experimentally    detemiined    by    ailjusiing    tl 
plunger  P  until   the  level   of   the  solute    in   the    index    tube 
renmins  constant,  and  then  ohsen'ing  the  pressure  gtuige  G. 
is  foumi   that  ihe    magnitude  of  tlie    osmotic    pressure    of    anj 
solute  in  any  solvent  varies  directly  with  the  sum  of  the  number 
of  mole<'ul(»s  and  of  ions  of  the  solute  contained  in  unit  mass  of 
the  pure  solvent. 

Then*  is  a  dumber  of  BiibfltAnces  which  act  iw  semipermrahle  partit« 
f(»r  rcrtaiu  wilutfs  in  givcti  eolveiils.     For  example,  <'o|ii>er  ft*rrocyiuude 
scmipcTmcidtle  for  siiRar  in  water.     Wtttw  is  9emiponj»i.'ublo  for  benzone 
ether.     That  is,  ether  will  piiss  through  a  layer  of  water,  lnjt  hrnzctie  will  not 
Rwl   liot   pnllo'liuni   tmnsmits   hydrogen   but  not  carlxm   monoxide,     hidia 
rubber  will  trunnniit  in  a  given  lime  13.6  volumes  of  carbon  dioxide  and  but 
one  volume  of  nitrogen. 
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Exam^^c^  of  partuil  s»^uiiixTrn*^ibility  am  very  rnniiru>n.  Sugar  planwJ 
10  fftniwbvrritis  caiiBt's  ih*.-  jiucp  to  romc  ciut.  if  raiHirut  be  placed  in  water 
ti»y  will  liecume  filied  with  water  till  RpliorifflJ.  If  poars  that  are  aomewhut 
bud,  due  to  being  insufficiently  ripe  or  <'<M»kcd,  arp  preH<'r\'e(i  in  con«cntrat<?d 
migfLT  syrup  they  will  beninif  dr>'  and  tough.  Whcrt-ai  if  they  are  firet  phved 
ID  m  weaker  synip  for  i\  nmple  oi  days  and  later  in  tlic  Htrfjngo.r  Byrup  they  will 
not  beoome  so  tough. 

Semipermcahility  appears  t-o  l)c  a  phpnorncnoii  of  selective 
Kilubility.  Copper  ferrocyanicie  tiifisolves  water,  hut  not  sugar. 
Consider  a  filni  (if  ropper  ferroeyjiiiide  separating  water  from  an 
aqueous  solution  of  supar.  On  a<'e<nuit  of  the  dissolved  sugar  on 
otie  side  of  the  partition,  this  Bide  flissolvea  less  water  than  does  the 
Bide  of  the  partition  faring  the  pure  water.  The  partition  with  its 
rontaineii  water  constitutes  a  solution  of  grejiter  roncentration 
on  one  side  than  on  the  other.  Consetiuently  Wiitpr  diffuses  from 
the  region  of  greater  eoncentration  to  the  region  of  lesH,  i.e.,  toward 
,\bi^  sugar  solution.  The  sugar  molecules  unite  with  these  water 
tcules  as  soon  as  they  reach  the  surface  of  the  partition.  The 
amount  of  water  dissolved  by  th<'  partition  on  the  solution  side 
can  be  increased  hy  coniprei^sing  the  solution.  This  makes  it 
poosible  to  counterbalance  the  decrease  of  sf?lubility  of  water  due 
to  the  presence  of  sugar,  and,  by  efjunlizirig  the  soluhihty  on  the 
two  sides  of  the  partition,  to  stop  the  dow  of  water  into  the  solu- 
tion. The  pressure  nrt^uired  to  st-op  tlie  flow  equals  the  osmotic 
pressure.  Osmotic  pressures  as  great  as  50<)  lb.  per  sq.  in.  have 
l>e*'n  measured  by  means  of  semipermeable  membranes. 


The  poaaagc  of  water  in  one  direction  through  plant  and  animal  tissues 
_wiUi  greater  facility  than  in  the  opixwite  ilircrtion  i.s  due,  to  o^nioais  and 
E|»<'^micubility.  The  action  of  certain  saline  cathartic  in  cauuiug  water  to 
from  the  blood  through  the  intestinal  walls  is  an  example. 
The  crystiUloids,  such  a.i  mtgar  and  ehcmieal  salt^,  pn^  readily  through 
wrt  porchnienl  paper,  whereas  the  colloids  such  jus  Htarch,  albumen  and  the 
gums,  pare  ver>'  slowly.  This  fact  is  the  busis  of  the  process  of  seimrating 
rrTkTrtnJloKi-*  from  colloids  called  ilifilynia.  In  cjL-ie  n  [teraon  is  siiflpected  to 
Imvc  die«l  from  arsenic  imisfjning,  a  parchment  paper  tniy  eoutuining  wattr 
nui>  bf  filiated  on  the  wet  ctmtents  ni  the  st^jnmch.  After  a  time,  the  wat<»r 
withbt  the  truy  will  cimlain  uny  cr>'8talloidij  such  us  salts  uf  arsenic  wliiuh  the 
ci)  mjky  have  contained. 
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QuEsnoNa 

1.  A  ^laAS  tuhe  has  Burh  n  isinBll  b<>rc  that  water  will  rise  in  it  thn-e  inrhcs. 
A  twc>-itich  liMigth  is  Jwnl  us  in  Fig.  128.  Why  canuul  ti  wiiwl  Iw  o|H.»ratcd. 
by  wat«r  falling  from  the  upper  end? 


*, 


^Wr 


FiQ.  128. 


Fia.  129. 


■gIs 


5.  In  Fig.  129  is  rcproeonted  a  horiuontfll  sertion  of  twn  wheels  dipping;  in 
wnUT.  The  nhaflj^  an*  inrUnod  t<>  one  nnotluT  so  that  Iho  farns  of  thf  wliecls 
are  not  parallel.  Water  will  rise  toward  the  rpudcr  in  the  Hpiu-e  betwfen  tl 
faces  of  the  wheels,  bvit  liigher  on  the  side  wliore  the  faces  are  closer  together, 
Ojie  side  of  the  npimrutus  will  thus  Ix'  wfiphtod  more  than  the  olh<v« 
Neglecting  friction,  show  why  contiiiuou-s  niotiuii  would  not  be  pr<Klut'cd. 

3.  Which  of  the  following  are  ca.Men  of  osmotic  pressure  and  which  of  soh 
tion  pressure?  (a)  The  presBure  tlmt  tends  to  make  salt  dissolve  in  water; 
(b)  the  pressure  that  tends  to  drive  the  dissolved  salt  through  the  sohition, 
thus  making  the  concentration  uniform;  (r)  the  prcsaurc  that  tends  to  uuike 
the  Halt  crjHtallize  from  a  water  solution;  {d}  the  pressure  that  tends  to  make 
water  mix  with  alcnhol.  ^M 

4.  A  10%  solution  of  boric  acid  and  water  is  often  used  as  a  poultice  tor^t 
inflamed   ryes      The  conjunctiva  of  t]v  eyes  acta  as  a  seniii»emieahle   mem- 
bnine.     Tlitj  blood  lh  0.9%  salt  Butuiion.     Kxpluiii  how  osmotic  action  may 
decrease  the  inflammation. 

6.  The  liummn  blixjd  ift  a  0.9%  salt  solution.  Tlic  tissues  act  as  a  semi- 
permeable membrane.  What  would  be  the  osmotic  action  on  a  Wf)uud  if  a 
surgeon  bathed  it  with  distilled  water?     With  n  strong  salt  solution? 

6.   CarlKjii  dioxide  has  a  grejiter  density  tliaii  any  of  the  other  eonstjtueni 
of  the  atmofiphere      Kxplain  why  it  does  not   collect   at  tJ»e  surface  of 
earth  and  destroy  all  animal  Ufe 


§  I.  Simple  ilanmmic  Sfoiion 

136.  Simple  Harmonic  Motion  of  Translation  Defined. — Con- 
aider  a  small  block  resting  on  a  smooth  horizontal  table  and 
attached  to  two  light  similar  horizontal  springs,  as  shiiwn  in  the 
figure.  \Mion  at  rest,  the  block  will  l>c^  at  some  jxiint  C,  If  the 
t>lock  be  dis|>laced  in  the  direction  of  the  axis  of  the  springs  to  some 
point  B,  a  force  will  act  upon  the  block  causing  it  to  move  towards 
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its  poation  of  equihbrium.  During  its  motion  tfjwarri  (his  point, 
the  potential  energy  of  the  system  due  to  the  tli.stortion  of  the 
springs  diminishes  until,  when  at  the  |>oint  C,  it  Ijecomes  zero. 
At  this  point  the  entire  energ>^  is  kineti(^^  and  the  body  passes 
through  xXs  position  of  equihbrium  and  attains  some  position  afi 
at  A.  This  action  will  then  be  repeated,  the  lx)dy  \'ibrating  back 
and  forth  l>etw<»cn  -4  and  H. 

According  to  Hooke's  Law  (Art,  116),  when  a  spring  or  other 
elastic  l>ody  Ls  distorted  through  a  small  range,  there  is  develo[tti 
a  restoring  force  F  which,  at  any  instant,  is  cUrectly  proportional 
to  the  displacement  d  of  the  end  of  the  spring  or  other  elastic  body. 

[That  is, 
F-c'd, (96) 
: 


I 


where  c'  is  a  poaitive  constant.     Since,  F—vui^  where  m  is  the  mass 
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of  the  black  afiaiiist  wiiiuh  Ihc  .sprinj^s  press  and  a  is  the  accelei 
tiou  with  which  tho  block  tiiovcs.  it  fullows  thut 


~cd^ 


where  c  is  a  pasitJvr  constant. 

This  mp4inK  tiuit  th4'  acrclcnition  with  which  tho  hlnck  moves 
greatest  when  the  hlock  is  furtlu^t  from  U«  ]><>.siti<)n  of  i-^jtiihhrium, 
and  is  zero  when  the  block  is  at  the  mid-poKitiou.  At  C,  the 
middle  of  its  patli,  its  velocity  \^  jcreatest,  but  is  neither  increasing 
nor  decreaisinit!;,  for  at  that  pfiint  its  acceleration  is  zero.  As  it 
moves  toward  cnthcr  end  of  its  path  its  velocity  decreases,  and 
according  to  (95)  ileerejuf^'S  more  and  more  rapidly'  until  the  block 
readies  the  end  of  itj*  path,  wlierc  for  an  instant  only  it  does  not 
move  at  all.  But  at  this  ptiint  its  acceleration  is  changing  must 
rapidly — in  fact,  is  changing  from  a  velocity  in  one  direction  to  a 
velocity  in  the  opi)08it«  direction. 

The  motion  above  desciilx'd  is  that  which  occurs  in  the  ease 
of  the  prongs  of  a  tuning  fork,  a  plucked  stretched  string,  the 
air  in  a  sounding  organ  pipe.  It  is  called  simple  harmonic  motion 
of  translation.  Simple  harmonic  moiion  of  iramlaiion  is  that 
recipixfcating  motion  which  has  at  every  instant  an  ai-eeleration 
which  is  tlirected  toward  the  center  of  its  path  ivnd  which  varies 
directly  with  the  distance  of  the  moving  Ixniv  from  that  point. 

Not  eveiy  reciprocating  nK)1ion  is  a  simple  harmonic  motion,^ 
If  a  bfKly  moves  tuick  and  forth  with  an  acceleration  whiirh  is  not^| 
propcjrtional  to  the  disi)laceinent,  the  motion  is  not  aimj^le  har- 
monic. 

The  time  which  eJapses  between  two  consecutive  passages  of 
the  oscillating  IkkIv  in  the  same  direction  through  any  given 
point  of  its  path  is  called  the  period  of  the  simple  hannonic  motion. 
The  maximum  distani^e  attained  by  the  oscillating  IxMiy  from  it^J 
position  of  etfuilibriuin  is  called  the  amplitude  of  the  simple  hai 
monic   motion. 


SIMPLE  HARMONIC  MOTION 


171 


I 


-B 


Fic.  131. 


137.  Relation  between  Uniform  Circular  Motion  and  Simple 
Hannonic  Motion* — Ix't  a  particle  P',  Fig.  \',i\,  move  with  uni- 
fomi  speed  in  the  drcvunfcroncc 
of  a  circle  F'A'B*,  and  let  P  l)c 
the  projection  of  tliis  point  on 
any  right  line  AB  in  the:  plain; 
of  the  circle.    Aa  P*  moves  with 
uniform  speed   in  the   cirouui- 
ference  of  the  circle,  its  projec- 
tion P  oscillates  back  and  forth 
through    a   mid^Ke  position    C 
V^etween  two  extreme  positions 
-4  and  B.     The  sort  of  motion 
deascribed  by  P  along  the  line  .4  B 
will  now  be  investigated. 

As  the  particle  P*  moves  with  uniform  speed  in  Llie  circmnfer- 
ence  of  a  circle  there  is  a  constant  accclcnitinn  dirrcted  toward 
the  center  of  the  circle  (Art.  61).  In  Fig.  131,  fliis  rathal  acceler- 
ation n'  is  represented  by  the  line  P'Q,  From  the  principle  of  the 
resolution  of  hnear  accelerations,  it  follows  that  the  acceleration 
a  of  the  point  P  is  the  component,  in  the  direction  AB,  of  the  accel- 

ion  of  the  particle  P'.     Thus, 

a  — a*  sin  0. 

Represent  the  con.'^tant  linear  spt^ed  and  an^lar  speed  of  P* 
by  V  and  w,  respectively.  Let  t  n:^i>resciit  the  time  since  P'  was 
last  ol  A'.     Tlien, 

*»w/,  (24);   a'«-,  (4D);  and  v  =  wr,  (31). 

'On  substituting  these  values  in  the  ul>ovo  equation,  we  obtain 

a[  =  a'  sin  *^1  =  —  sin  wt.  —  w^r  sin  wt.    .  (97) 

ReproecntinK  by  d  the  displacement  PC  (  =  P'Oi)  of  the  jK>int 
P  from  the  middle  of  its  path, 


d— r  ain  ^»r  sinttf/.    . 
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On  pubstitiiting  for  r  in  (97)  the  value  given  in  (98),  we  find  thj 

a=tp2rf (99J 

Since  w  is  constant^  it   foUows  from  this  e(|uation  that 
acceleration  of  P  is  proportional  to  its  distance  from  the  ceni 
of  its  path.     That  is,  if  a  pmid  inmfvs  icitk  uniform  speed  in 
circumference  of  a  circkt  the  projection  of  the  point  on  any  airaigl 
line  in  the  plant  of  the  circle  moves  with  simple  harTHonic 
of   trandation. 

138.  The  Period  of  a  Simple  Hannonic  Motion. — The  fact  Xhi 
"  if  a  pvoint  movcp  with  uniform  speed  in  the  cireuniferencc  of  a 
circle,  the  projection  of  the  p(nt\i  on  any  Ptraiglit  line  in  the  plane 
of  the  circle  moves  with  sini])le  hannonic  motion  of  translation," 
will  now  be  listed  for  the  detci-niination  of  the  vahie  of  the  constant 
c  in  the  defining  pqnation  of  simple  hannoni<*  motion  (06). 

A  conipariMon  of  (90)  and  (99)  shfws  that  c  =  u?^.     If  the 
of  one  revolution  of  P\  that  is,  the  time  of  one  complete  vibratic 
of  Pj  be  denoted  by  T,  we  shall  have 


w  =  -=r  radians  per  unit  of  time. 


Consequently, 


■^-(?y 


Hence,  if  a  body  of  moss  w»  is  mo\nng  with  simple  hamioni? 
nintiofj  of  |M'nod  T,  then  when  the  IwKly  is  at  a  tlislunrc  W  from 
the  middle  of  its  path,  there*  is  an  acceleration  directed  to 
middle  of  Ihc  path  of  the  vahie 

a|  =  cry] 
and  a  force  toward  th**  miiltilc  of  the  path  of  the  value 


F[  =  rmi\  ^  ni 


(101) 
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From  (100),  the  period  of  a  simple  harmonic  motion  of  trans- 
lation is 


-^'4 


(102) 


139.  Simple  Harmonic  Motion  of  Rotation  Defined. — If  a 
body  suspended  by  a  verticiil  wire  be  rotated  tlirouf^h  a  small 
aogle  about  a  line  coinfident  with  the  axis  of  the  wire,  it  is  found  by 
experiment  tluit  the  restoring  torque  L  is  directly  proixjrtional  to 
the  angular  displacement.     That  is^ 


L  =  A-'0, 


(103) 


where  it'  is  a  poeitive  constant. 

Since,  from  (66),  L-Ks.,  where  K  is  the  moment  of  inertia 
i)f  a  rotating  body  and  a  is  the  angailar  acceleration  with  which  it 
inovBs,  it  follows  that 


Whence, 


=(9 


^=H, 


(104) 


* 


where  /:  Is  a  positive  constant. 

^Vhen  a  b<Miy  rotates  bark  and  forth  with  a  iiiotinn  in  which  the 
ar  acceleration  is  always  dircctetl  toward  a  jwjsition  of  equilib- 
rium and  Is  always  pr()iH)r1iona]  l<>  the   anKitlar   displacement  of 
the  body  from  that  |x>sition,  the  body  is  said  to  have  a  simple 
hamwnic  motion  of  rotation. 

140.  The  Angular  Acceleration  and  Period  of  a  Body  Moving 

_   with  Simple  Harmonic  Motion  of  Rotation. — It  will  be  noticed 

P  that  (103)  and  (104)  are  pei-fect  analogues  of  (95)  and  (96).    The 

magnitudes  of  the  angular  velocity  and  Ihc  angular  acceleration 

of  a  bofly  mo\'ing  with  simple  harmonic  motion  of  rotation  can  be 

obtained  by  a  simple  transformation  of  the  latter  equations. 

I  In  Fig.  132  let  ZZ'  Iw  the  position  of  equilibrium  of  a  certain 
line  of  a  body  which  vibrati's  with  simple  hannonic  motion  of 
rotation  about  an  axis  through  O  nonnal  t-o  the  plane  of  the 
diagram.     While  the  given  line  vibrates  about  0  with  simple 
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harmonif"  niotinn  of  rot,4tion,  ever>'  point  hi  \hv  line  will  oKcillaJ 
about  itii  position  of  c<|uilibriujn  with  simple  luLrnumic  motion 

translalio!!.      Consider    the    lini 
motion     of    soinp    point   distant 
from  the  axis  of  \-ihiation   pafisii 
tliroufih  0.     Denote  the  amplitw 
of  the  linear  motion  of  the  selects 
IKjiiit,  CA[  =  CB\  by  the  symhnl 
let  its  linear  disphicpuient  from  tl 
p<5sition   of   o<|uilifvriuHi     wlieii 
some  point   /*  l>c   denotetl   })y   fi. 

From  (65)  anil  (Art-  52)  a  —  ar  an<l  d  =  <f}r,  where  o    and 
denote  respeetively  tlie  linear  and  anj^ular  aeeelerations  of  ll 
given  poiiit,  and  d  and  0  the  n^iK'ttive  linwir  unci  anjcular  dinpluci 
ments.     On  substituting  in  (100)  these  values  for  a  and  f/, 
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Since,  from  (66),  L=  A'a,  the  period  of  a  simple  harmonie  motioj 
of  rutatioit  \» 


7'  =  2xJ*  =  2.J^. 


(II 


MoHt  siilwtftnct'H  incroiiflo  in  siza  when  misptl  in  tempcrnturo.     When  tJ 
lialancu  wluHil  of  a  wutcli  iiicrojuws  in  siw,  the  uiurntMit  of  iniTtia  A'  in«Te» 
and  ihr  lirnc  of  vihrHtion  T  im^n-tuws,  ihrix'hy  raiising  lh<i  watch  t*i  li»ic  tinj 
Wat<:htw  urv  now  i-omiwiiHiitril  Utr  ti'iuiMTatiin'  Uy  niftkinut  liie  hair  spring 
on  alloy  buvini;  u  Voun^'rt  niut-luliLs  which  inorca,Mt's  with  rise  of  tcmpomtui 
by  the  same  amount  as  the  mumout  of  inertia  of  llic  balance  wheel  inciei 


§2.  Tke  Pefuiulum 

141.  Galileo's  Observation. — One  day,  while  attending  servit 

in  the  eathetlml  al  ^i^yl,  (lalih'o  was  impressed  l>y  the  olwervation 
that  the  great   chandelier    susiwnded  from  the  ceiling  by  a  long^ 
rod  (Fig.  133),  vibrat^^d  in  apparently  the  same  time  whether  th^| 
amplitude  of  x^bnition  were  large  or  stnalL     In  order  to  te^t  the 
ftccuraey  of  this  ol)s*?r\'ation,  the  next  tlay  tJjilileo  returned  to  th< 
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ctthttlnil,  determined  to  niciisun.'  Uie  iK-riod  of  nscillaiion  of  the 
ch&mlrlier,  tiret  just  after  it  Imtl  lx"en  lightetl.  and  Hgain  after  the 
ainplituik-  of  Bwing  had  diPtl  tlown  consid- 
«»rahly.     As  ihrrp  wen?  no  watiheti  or  other 
portrtblc  Luatnuiieuta  for  measuring  time  in 
Ukipc  rlays,  Galileo  used  hLs  pulse-l)ea4s  as 
\he  tftiiniiard  of  time    for   delrnniniii^    tho 
period   of    the    j?\viuging    rhamleher.      Tht? 
restiU  of  this  measurement  confirmed  him 
in  his  opinion  llial  the  pono*!  of  a  swinginK 
peinlulum  is  independent  of  I  he  ani[)litiHl(' 
of  swing,   (to  long  as  that  amplitude  is  not 
excessive.     The    pnirtifuhility    of    lining   a 
pendulum   to  mark  f)tV  etiuid   intervals  of 
time  now  Ikhmuijc  cvi<lent,  ami  the  applica- 
tion to  rltn'kft  qiiicklv  followed. 

142.  The    Pendulum. — A   compo\ind   in 
plis'sical  ptnduhmi  consists  of  a  susp<nided  p„j   133 

rigid  \xt(\y  free  In  oseillute  about  a  hori- 
ujntal  a.'d*.  Cxinsider  the  phy.sieal  iK't»<lidmn  AC  (Fig.  KM), 
consisting  of  a  body  of  tuoKS  m  supiiorttn.!  on  an  axis  normal  to  the 
plane  of  the  diagram  and  i^i.-^sing  thioiinh  ihe  ]H>iiit  A.  Ia!  the 
eentnjid  of  the  ]«'riduhiin,  i.i*.,  the  pf>int  of 
application  of  the  refiultant  of  the  weights  of 
the  particles  coni|Ktsing  tlir  penduhini,  lip  at  C. 
Denote  tlie  distance  AC  by  /.  If  the  i>enduhiia 
Ix'  deflected  from  its  e<|uilibrium  [)o&ition 
thn»ugh  an  angle  0,  it  will  be  ai^tcd  njxni  by 
a  tonpie  which  tends  to  ix\store  il.  t^)  the  equilil)- 
rium  position  and  whii'h  has  a  value 

L  =  mg(BC)  =  mgl  sin  ^, 

If  the  clLsplacement   rrorn   the  e(|aihtmiun 
Htnall,  sin  rf)  is  ai»iirrt\iiiiatelv  wjual 
case  the  aoove  e<iuauon  iiecoraes 
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Whence,  at  any  instant,  a  i>en(luhini  tlisplnced  Init  a  small  (li(?l^n 
from  its  equilibriuiu  [xisilttJii  i»  urgrti  lowanl  it^  iMpiilifinnm  | 
tion  by  a  torque  nearly  proportional  to  its  angular  dispiacerai 
fnmi  tliai  iKKsilioii.  ConHt'quciitly  (Art.  189),  the  linj^ulur  nioti 
of  such  a  ixindiiluni  is  approximately  simple  hannonic  motion 
rotation. 

The  perioti  of  vibration  of  a  physioal  [x-ndulum  oscillating 
Lhnmgli  a  sniiill  ii.iij]ilitu(lc  will  mnv  l*c  ilelLTtiiinciK  From  (1(X>), 
the  period  of  a  simple  harmonic  motion  of  rotation  is 


T  =  2t 


Kj 


where  K  is  the  moment  of  inertia  of  the  body  with  respect  to 
axis  of  rotation.     Substituting  in  this  wjuation  the  vaUie  of  the 
torque   acting  on  a  compomid   pendulum   displace<i  through 
small  angle  tff  from  its  position  of  etiuilibrium  (107),  we  obt 
for  the  value  of  the  time  occupied  by  one  complete  vibration  of 
oompK>und  [)etKhUum, 

^-^^nS 

From  this  e(|uation  it  is  seen  that  when  the  amjilitude  of  vibra- 
tion of  a  compound  pendulum  is  so  sniall  that  sin  ^  may  be  replaced 
by  4>f  the  |XM'iod  of  vibration  of  the  ptmdulum  is  imleiJendent 
the  amplitude  of  swinj;. 

143,  The    Simple    Pendulum. — A    simple    or    rnathematii 
pendulum  consists  of  a  heavy  iMuiicle  .'^iisfKnuled  by  a  nuisslei 
string.     Since  the  moment  of  inerlia  with  res|n»ct  to  the  axis 
oscillation  of  a  Bimplc  pendulum  of  length  I  and  mass  m  is,  (OS), 

the  period  of  vibration  of  a  simple  pendulum  is,  (108), 

T,^2^S 


(H 


A  pendulum  consisting  of  a  small  spherical  bob  supported  b] 
a  very  thin  string  approximates  closely  to  a  sin»ple  pendulum. 


Equations  (108)  and  (109)  arc  the  ones  ordinaril}'  uswl  for 
the  detprmiiuition  of  tho  vaJiR'  of  ilit*  aoceleration  due  to  gravity. 
The  closeness  of  the  approximation  involved  in  these  equations  is 
mc\\  t\iat  if  the  angular  amplitude  of  swing  be  one  degree,  the 
emor  introduced  in  the  value  of  g  will  be  leas  limn  one  part  in 
lwent>--five  tJiousand;  if  the  amplitude  be  five  degrees,  the  error 
ttill  be  Icsg  than  one  port  in  one  tliousand. 

A  pendidmn  which  makes  one-half  of  one  complete  vibration 
in  one  second  of  time  is  culled  a  seconds  pendulum.  The,  i^eriod 
of  vibration  of  a  seconds  jx^ndulum  is  two  seconds. 

144.  Sympathetic   Vibration  or  Resonance. — The  vibrations 
executed  by  a  body  wliich  has  In-en  di.sphicc<l  from  its  position  of 
equilibrium  and   then   released   are  called  free   vibrations.     The 
\ibrations    executed     imder     the 
action  of  an  external  periodically 
vttr>ing    force    are    calletl   forced 
vibrations.     Consider  a  numl)er  of 
pendulums     of    different    lengths 
(Fig.   \35)    hung   from   the  same 
support  A".     If  one  of  the   pen- 
hilunis  be  set  into  oscillation,  the 
Bupport  will  receive  a  slight  impuW* 
every   time   the    moving    pendu- 
lum swings  back  and  forth.     The 
first  impulse  will  start  all  of  the 

l^endulums  to  swinging  sliglitly.  If  some  one  of  the  pendulums 
\mB  the  same  period  of  \ibration  as  the  support,  it  will  always  be 
swinging  in  such  a  direction  that  the  iinimlses  tent!  to  increase 
\\B  motion.  If  another  of  the  jM^nduIuiiis  has  a  period  of  vibration 
Bomewhat  different  than  that  of  the  support,  it  will  soon  be  swing- 
ing in  such  a  direction  that  the  ini|nilsos  tend  to  decrease  its 
motion.     After  a  Uttle  time,  then,  tlnw^t;  iK'nilulujiis  having  nat- 

■  ural  free  periods  nearly  the  same  as  tliat  of  the  support  will  be 
I  swinging  with  a  considerable  amplitude,  wliile  those  of  very  dif- 
I  ferent  periods  will  be  scai-cely  swinging  at  all.  Tiie  \'ibration  pro- 
B  duced  when  a  periodically  varying  force  acts  upon  a  body  of 

■  XMftriy  the  same  period  of  vibration  is  called  resonant  forced  vibra^ 
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lion.  The  pliciioriienon  of  tho  pKxlur'tion  of  fosonant  fore 
vibration  i.s  cjillcd  nynt/Hitfiftjc  nhralion  or  re.simnnrr.  Hrsonan 
^ys  an  important  part  in  many  phenoniena  of  dynamics,  scum 
clec'tririty  and   light. 

If  ihf  mas-s  of  flio  receiving  body  is  large  and  \hc  opposition 
motion  is  small,  a.s  in  the  case  of  a  tuning  fork,  lesonance  oei 
only  when  the  jx^riod  of  the  excitJnp  forco  is  almost  exactly  e<]ua 
to  tho  i>i'riod  of  the  rectMvinK  l>r»dy.  Hut  if  the  mass  of  the  receiv- 
ing body  is  small  and  the  opiwsition  to  motion  is  large,  as  in  the 
caj^e  fif  air  vibrating  in  a  luirrow  \\i\h\  ri'soniinco  will  o<'cur  when 
the  i^eriod  of  the  exciting  force  is  ap|)ii'ciahly  different  than  the 
free  vibration  period  of  the  receiving  limiy. 

The  ul>ove  statements  apply  to  the  ease  in  which  the  periodic 
exciting  force  varies  hanuonically.  It  should  l>e  tioled,  liowever, 
that  if  instead  of  var>*ing  hannonically,  the  impulses  of  the 
external  periodic  force  hfart  and  j^top  Midilenly,  (hey  will  also  set 
into  ifsonant  vibration  a  body  whose  free  |x^riod  is  any  8ubmultiple 
of  the  period  of  the  external  force. 

A  bridge  or  other  engiiiecriiiK  stnirtiin?  Im»  a  doiinito  imtiira)  i)en<Kl  of 
vil)ration .  If  thia  .shoiiltj  hnpijon  to  bo  al»riut  1  he  Komr  as  the  ntop  of  a  trotting 
hurso,  a  bridge  itiijjilit  Ue  daiigi'rnii.sl}"  slruiju'd  by  !ioi"sus  tnitliiig  aoros*  it. 
Soldiers  arc  miuirrMl  to  hrcjik  step  whrn  rrr>ssin(!:  ii  bridKe.  ^^'oI]-huil^  gnind 
HltiudA  liavp  fiiik'd  titulrr  l\w.  stnuii  *if  »yitii«ithctit^  vibration  indticml  by  the 
reicuhir  !»tM.nii>in)i?  of  n[M'ctMU)rs  at  fijutbtill  giimtw. 

Thf  rolling  tif  ii  nhij)  at  wa  is  jui  t'xivm|»U^  of  rosoimncf.  If  iho  natum!  fi 
|M?riud  with  whirh  thi,'  ship  would  mil  when  dispiureil  ou(  u{  the  veiiiral  in 
slill  wjitor  is  iivarly  et|ual  to  the  period  of  the  wavtv,  tht*  angU*  of  mil  niiiy 
hv  'onic  larp*  ovun  when  the  waves  arc  not  hi|ch.  As  the  frec|Ucncy  with  which 
the  wnvi***  Htrikc  the  ship  depends  njK»n  the  spcwl  and  roiirw  of  tlir  ship  rela- 
tive to  the  dirf!ction  of  the  waves,  the  angle  of  rolling  ctin  be  altfred  ljy 
chut'^jug  either  the  dire«.'t(on  or  the  speed  uf  the  ship, 

Qtri!»TION'H 

1.  What  sort  of  a  foree  is  aetiii^  upon  a  l)ody  moving  with,  (a)  unifi 
motion;  {h}  uniftinnly  areelerated  motion;  U)  simple  harnionir  motion 
tmaslation? 

2,  A  i>endiihirii  tltjck  Iosca  liuie.  Show  which  wuy  the  pendulum  bob" 
inUHt  l»c  moveil.  and  show  how  you  would  e;deulut>o  the  distance  it  inu^t  be 
moved,  iu  oiJcr  that  the  clock  may  keep  correct  time. 
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5.  State  how  the  period  of  the  pendulum  is  afTe<>tofl  by,  (a)  increasing  its 
leogth;  (6)  placing  it  in  a  mine;  (c)  elevating  it  abovu  the  ourth;  (d)  altering 
the  xnasB  without  changing  the  length. 

i.  In  what  forma  is  energy  stored  in  a  swinging  pendulum?  Is  there  any 
energy  transformation  during  the  swing?  Explain  why  a  pendulum  bob  is 
made  heavy. 

6.  State  Newton's  law  of  gravitation  and  show  how  a  dock  would  vary  in 
nte  as  it  is  carried  from  New  Orleans  to  Montreal. 

6.  Describe  the  phenomenon  of  resonance  and  give  an  example  in  which 
resonance  is  not  desired. 

7.  targe  and  strong  bridges  have  collapsed,  due  to  the  rhythmic  tread  of  a 
eompony  of  aoldieiB  marching  over  them.  Where  does  the  large  amount  of 
energy  come  from  neceaeary  to  break  down  the  bridges? 


CHAPTER  XI 


WAVE  MOTION 


145.  Waves. — A  motion  which  goes  through  the  same  sci 
of  chungee  at  regularly  recurring  intervals  is  called  periodic. 
periociic  disturlxincv  which  is  haiulod  ou  successively  from  orw 
[lortion  of  ji  miHliiiru  to  uiiotluT  ijs  ualk^d  a  wave  vwtion.     The  soi 
of  wave  motion  easiest  to  imagine  is  that  due  to  a  simple  hanuonie 
vibration  of  the  (Kirlirles  rn[ii[Mjsi(ig  a  nioilium  8iieh  thiit   eaeh^B 
particle  perfomis  ils  vibnitiim  shghtly  later  than   the  purtide^H 
on  one  side  of  it  and  slightly  sooner  than  the  particles  to  the  other 
side  of  it.     P'or  this  i-ciison,  the  illustrations  of  wave  motion  con- 
sidered in  the  following  articles  are  due  to  vibrations  of  portions 

of  matter.     But  it  should  be  kept  in  mind  that  wave  motion  t^M 
not  limited  to  simple  Imniumic  vibrations^  nor  to  motions  of  matter. 
For  exajn[)[c,  wc  have  light,  electric  and  magnetic  waves  due  to 
non-harmonie   magnetic   disturbances   propagated   by   tlie   ethelifl 
instead  of  bj'  mtLlter.     But  it  must  be  kept  in  mind  that  even  in" 
the  ca£ie  of  waves  througli  matter,  it  Ls  ii  disturbance  that  travels 
through  the  meitium^  and  not  jxtrtlons  of  matter  tliat  travel. 
Each  portion  of  matter  simply  niove^  about  its  position  of  eijuilib-r^ 
rium. 

146.  Transverse  Wave  Motion. — Imagine  a  long  piece  of  nil 
l>er  tubing  AZ  to  be  laiii  in  a  straight  east  and  wtat  line  on  a  frie- 

tionless    horizontal     plane, 
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of  the  tul)e  li  to  move  in  a  similar 
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and    let    the    west   end  of 

the  tube  A  (Fig.  136)  be 
moved  buck  ajul  fitrth  in  a 
north  and  south  line  with 
li  simple  h;inuonie  motion. 
The  iiH^tion  of  yl  will  cause 
a  nelghlx^ring  smalt 
manner;    but  since  the 
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is  not  rigid,  B  will  perform  its  motion  slightly  later  than  A, 
Thtw  when  A  has  just  i-cachwi  the  noithcnuiif^st  point  of  its 
path,  B  will  not  yet  have  quite  reache<l  the  noilh<rtiijK)st  (wint 
of  its  path;  and  by  the  time  that  H  does  n-acrli  that  [xtsition, 
A  will  already  be  a  short  distance  on  its  way  back,  and  so  on.  In 
lilip  nianner  the  motion  of  B  will  cause  a  neighlwring  part  of  the 
tube  C  to  perform  a  simple  hannonic  motion  of  the  same  period 
and  funplttiide,  but  always  lag^nj;  slightly  behind  H;  C  will  in 
turn  cause  another  small  part  of  the  tube  to  vibrate;  that  another; 
and  so  on.  This  sort  of  motion  is  i!lustnitv.<l  in  Fig.  13(i,  In  wliich 
the  north -to-south  dotted  lines  inclicat<^  the  paths  over  which  the 
particles  at  -4,  fi,  C,  and  Z>,  rcspoetively,  niovt^  back  and  forth; 
the  full  curve  indicates  the  position  of  the  tulie  after  the  end  ^i  has 
made  nine-twelftha  of  a  vibration;  the  dashed  cur\'e,  ita  pasition 
nfter  -4  has  made  ten-twelfths  of  a  complete  vibration;  the  dashed 
and  dotted  curve  its  position  after  .4  \nu^  made  flevcii-lwelfthu 
of  a  vibration.  This  shows  that  as  each  particular  part  of  the 
tube  moves  l)aek  and  forth  witli  hannonic  motion,  a  wavtj  motion 
passes  to  the  east  along  the  tube.  The  particular  sort  of  wave 
motion  in  which  the  small  parts  of  the  vibrating  substance  move 
Ijtick  and  forth  in  a  direction  perpendiciilar  to  that  in  which 
the  waves  advance  is  called  trafisveme  wave  motion. 

Let  Fig.  137  represent,  at  some  particular  Instant,  the  position 
of  a  purt  of  a  length  of  rubl>er  tubing  along  which  a  transverse 
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is  passing  to  the  right.     The  arrows  indi(^te  the  diroctions 

magnitudes  of  the  instantaneous  velocities  of  the  small  parte 

the  tube.     Small  partiS  at  a  and  a'  which  are  in  their  position  of 
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greatest  djsplaccmrnf  in  one  dirpction  arc  said  to  l)e  at  the  crest 
of  waves,  whiK*  small  parts  at  g  and  y'  wlik-h  are  in  their  pf>sitioi 
of  great eHl  displacement  in  the  opposite  dn-ection  are  said  to  bei 
ut  the  /rm/f/Zi-K  of  waves.  In  any  wave  motion.  thedist^intvl>t»twiHfn 
two  [X)ints  in  conKecutive  waves  which  are  rnoNnng  in  the  same 
direction  with  the  some  speed  is  called  a  wav€4en^tk.  Thus,  each 
of  the  dotted  linos  nn' .  hh' ,  cc\  ^presents  one  wave-length. 

147.  Longitudinal  Wave  Motion. — If  one  end  of  a  long  straight; 
piece  of  rul>l>er  tul)ing  l)e  displaced  in  the  <lirection  of  its  len]E:th,, 
then  the  various  small  parts  of  the  tuU»  throughout  its  lenpth  will' 
V)e  Huccessively  displaced  in  the  ,s;mie  direction.  And  if  <^»ne 
end  he  friven  a  simple  harnionic  motion  in  the  direction  of  the* 
lenglh  of  the  tul>e,  Ifien  the  next  small  par(  will  also  execute  a 
simple  Imnnonie  m<tlion,  lagKirj^:  •'^li^htly  hchind  the  mtjtion  uf  the 
end.  This  s*i'contl  small  part  will  then  causi*  the  Ihird  idso  to 
vibrate,  hut  to  vibrate  a  little  later,  the  third  a  fourth,  and  s(^  on. 
Thus  a  slate  will  soon  be  reached  in  which,  in)  ('acli  small  jiarl  of 
the  tul)e  is  moving  back  and  forth  with  simple  hannonic  motion 
in  the  directittn  in  which  the  waves  aiv  moving,  and  (b)  the  nan 
tion  of  each  small  part  is  jx-rfortnetl  sUghtly  later  than  that  of  its 
neighlx)r  on  otu»  sitle  and  slightly  stMJiier  tlian  tliat:  of  its  neighbor 
on  the  other  side.  That  sort  of  wave  motion,  in  which  \hi}  direc- 
tion of  vibration  of  the  particles  comjMjsing  llie  medium  is  the 
same  as  the  directi*>n  of  jiropagation  of  the  disturbance  through  the 
medium,  is  calleil  longitmfuud  wave  motion. 

On  a  straight  piece  of  rubl>er  tubing,  at  rest,  let  a  scries 
of  round  s|jots  Im.^  (lainted  at  etpml  distances  apart  throughout  its 
length.  Now  cause  a  longitudinal  wave  moiion  to  pass  along 
the  tube,  and  let  12/  tJenote  the  jxTiod  of  the  simple  liarmonic 
motion  which  eacli  of  these  sfxits  executes.  In  Fig.  138,  the  line 
Lo  shows  the  positions  of  the  spots  when  no  wave  is  piussing,  the 
line  /-so  their  |X)silion  'MM  secoruls  after  the  first  sj^ot  goes  through 
its  position  <»f  efniilibrinm,  etc.  In  thLs  figure  it  will  Im?  noticed 
that  there  are  pla(*(\s  where  the  spots  on  the  tube  are  crowded 
closely  together  and  other  places  where  they  are  spread  apart. 
A  region  where  the  crowding  togetla'r  is  a  maxiimmi  is  called 
candvimatnm ;  a  region  where  the  spreadmg  apart  is  u  maximuii 
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ffli  Uiat,  althuiigli  ihv  piirtiinilar  npots  merely  iiinvc  back  and 
fwth,  yet  the  condensations  ami  nirefaetions  move  forward. 

In  Fig,  I3ft  the  ronserntivc  s[M»ts  on  the  ruMxT  ltil>e  nrr  Tiuni- 
birml  in  oitler.  The  tUreetioii  and  size  t»f  euch  jirmwheud  repre- 
•<ent  tiie  direction  and  nuiguiliRle  of  the  velocity  of  the  spot  to 
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which  it  is*  attudicd  30/  w^coiids  after  the  fii*st  s|)ot  wm«  in  its  poai- 
liun  of  e(|iiilihnuju.  At  tlii^  instant  ^IK^^s  7  iind  It)  me  in  ron- 
eefiilivt*  condensations  and  are  movinfi;  with  the  saine  speed  in 
the  sjinir  ilirc^'iion.  The  dislanee  between  them  is,  therefore,  one 
Wjivt^leiiglh.  ^  Siniihxrly  llie  ilistances  from  8  to  20,  from  9  to  21, 
etc*,  arc  wa\i>-lenKtiis. 

148.  Wave  Forms. — For  Itnigitiwlinal,  ;i.s  well  ua  for  transverse^ 
wavi's.  it   is  ruHloiiiiiry  to  plot  disphiceuients  |jer|)iMidicularIy  to 
the  lino  of  propagatioru     For  exnn»ple,  if  displacements  of  the 
to  tbi*  right  iif  the  <-<|nilibriuni  position  in  Fig.  139  be  rcpr&r 
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sente<I  by  orrlinates  above  the  axis  of  propapation.  aiul  dispL 
monts  h)  the  left  of  the*  eqiiilibriuni  fxjsition  \i\  nr(iinut4-s  1m*1o^ 
the  axis,  we  will  have  a  tJisi)h^t'<:'ment  curve  of  similar  a[)i.K*araii^ 
to  the  eur\*o  Aaga'g'A'j  Fig.   I'M, 

If  the  veKn'ities  of  the  particles  be  plotted  as  ordinat^s 
either  titnc  or  distance  of  propagation  as  abscissas,  we  will  obi 
a  curve  similar  t+>  aga*g*A',  Fig.  137, 

If  the  pressures  along  the  axis  of  propagation  be  plotted 
ordinate**,  we  will  obtain  another  cur\'e  similar  to  the  curve  of 
veloi'itiei?.     Any  one  of  these  curves  may  te  willed  the  "  form  c^ 
the  wave."  f 

149.  Speed  of  a  Wave  Motion. — In  Fig.  K57  it  is  seen  that 
(luring  the  time  retjuired  for  tlu'  s]M>t  at  a  to  exe<*ut«  a  complete 
vibration,  i.e.,  to  move  to  Oi  and  liaek,  the  spot  at  c  luw  moved  to 
Ci,  thenee  to  02,  and  back  to  r;  and  similarly  eveiy  other  spot  on 
the  tube.  ha«.  nUurned  to  the  posiliuii  it  has  in  the  fiiriire.  That 
is,  every  spot  makes  one  complete  vibration  while  the  wave 
advances  one  wave  lenj^th. 

In  Fig.  138  we  sec  that  while  time  increases  from  36/  to  4S/, 
i.e.,  during  the  time  retjuired  for  each  spot  to  execut<>  a  complete 
vibration,  the  wave  moves  forward  one  wave-length. 

Now  during  the  time  T  in  which  a  particle  makes  one  coo^^ 
plete  vibration,  the  wave  which  it  sets  up  advances  one  wavJB 
k'ngth.    If  a  parlicle  vibrate  n  times  per  i^^'mnly  the  wave  which 
it  sei.s  up  will  axlvancc  in  each  s<*cond  a  distance  7iX,  where 
repre,seutti  the  wave-leugth.     Therefore  the  speed  of  the  wave  is 


y  =  nX  = 


a« 


The  speed  of  a  wave  depends  upon  the  type  of  wave  and  upon 
the  nature  of  the  medium  thi-ough  which  it  is  transmitted.  A 
transverse  wave  will  traverse  a  steel  rod  with  greater  sfx^ed 
than  a  hemp  rope.  And  the  s|x*ed  of  a  longitudinal  wave  in  steel 
is  greater  Ihaii  tlic  sjx'cd  of  a  transverse  wave  in  the  simie  material. 

If  the  period  7*  of  a  vibration  be  increased,  the  disturbance 
wjll  [  rav4>l  (luring  that  time  a  longer  distance  X.  In  fact,  the  wavt*- 
Jcugth  varies  directly  with  the  period  for  any  given  type  of  wave 
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anyspecifiecl  mediuni.  Thus,  from  (110),  the  Hixx-d  of  propagation 
_rfa  wuvT  of  given  type  through  tiuy  beleuttxl  lut'diuiii  is  indrjH'nd- 
of  tiie  wave-length. 
If  wTives  of  the  same  period  ami  type  tniversp  two  media  in 
which  the  spectLs  are  different,  the  wave-lengths  in  the  two  media 
will  idso  Ix"  different.  When  the  jKrrioiis  are  the  same,  (1 10)  shows 
that  the  ratio  of  the  speed  to  the  wave-length  is  constant- 

160.  Flow  of  Energy. —  fa)  Wilh  TTtin.svtr.sf.  Wtwps.  —  If  a 
transverse  wave  is  pa*Nsing  to  the  right  along  a  piece  of  rubber 
tuhinp  (Fig.  140),  the  force  wliich  tends  to  restore  any  kiiuiI!  |«irt 
of  the  tube  to  its  position  of  rejst  in  the  line  .'1/1'  Is  due  to  the  ten- 
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fflon  in  the  tube.  The  forces  acting  on  a  small  part  of  the  tube 
at  c  are  the  pulls  of  the  nniall  paits  of  the  tube  on  wich  sidr  of  it. 
The  snmll  part.  t«  the  left  is  pulling  it  upward  and  to  the  left»  and 
the  small  [wirt  to  the  right  Ls  pulliiiK  it  downward  and  to  the 
right.  Since  the  wave  is  moving  In  the  right,  c  is  inovii^g  upwiuvl. 
That  is,  a  i^ompMinent  of  its  motion  is  in  the;  direction  in  which  the 
Hmall  part  of  the  tube  to  the  loft  is  pulling  it.  This  means  that 
the  small  part  of  the  tul>e  to  the  left  of  the  p(iint  consi*lered  is 
doing  work  up<m  it.  Similarly  it  may  be  shown  that,  with  the 
exception  of  6,  e,  g,  i,  etc.,  which  are  momentarily  at  restf  every 
small  part  of  the  tul»e  is  doing  work  upon  the  small  part  which  lies 
adjacent  to  it  on  the  right.  That  is,  in  transverse  wave  mf)(ion, 
'energy  is  continuously  moving  in  the  same  direction  and  wilh  the 
same  spee<l  as  the  atlvancing  wave. 

(b)  WiUi  Longitiuluial  Watfes. — In  Fig.  139  it  will  be  seen  that 
where  the  spoUi  are  cloeer  together  than  normal,  the^*  are  moving 
to  the  right;  and  where  the  spot€  are  farther  apart  than  normal, 
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thev  arc  moving;  \<)  tlu*  loft.     Now  where  the  spotfl  ai'e  riosef 


t<>geUu'r  ihiiH  riormiil,  the  tubing;  on  whicli  they  arc  painted  is  eoiii^ 

jsed  and  each  small  particle  of  the  tuljc  is  pressing  both  U 
ward  ami  barVward  ujituiist.  it.s  neijrhbors;  and  wht-re  th<r  s|Ktls  ai 
farther  apart  than  tKMiiial,  thr  tiiliiiip;  is  stretclu'd  and  t'ueh  sua 
pai't  is  pulling  on  its  iieijihlMjrs.     This  inemis  that,  except  at  tl 
points  4,  10,  10,  2"2,  which  are  nn>nientanly  at  rest  and  wht-ix-  th^ 
tuliing  is  neither  streU'lu'd  ncir  roni]>n'ssed,  each  small  part  (»f  the 
tube  is  urging  its  neighbor  uii  the  ri^.h1  in  the  direction  in  which 
is  going,  aiui  its  neiglibor  an  (he  Irft  in  (lie  direction  op|>o.sit<.' 
thjit   in  wliif'h  it.  is  going.     It   folhiws  tlmt,  exerpt  ui  Ihi*  jx>iiii 
where  (he  tubing  is  nioinentanly  at  rest,  each  small  |)art  of  the  tul 
is  doing  wf)rk  on  the  part  just  to  the  right  of  it.     That  is,  in 
longilruiinal  wave  motion  eaerg^'  is  eontinually  moving  in  (iie  sail 
direction  and  with  the  same  s|H»ed  as  the  advancing  wave. 

(V>nse<piently,  efwh  type  of  wave  motion  is  accomjxinied  by 
flow  of  cmrgy  from  one  part  of  a  mvtHum  lo  another.     The  ilirecHt 
of  the  energy  flow  is  the  direction  in  which  the  waves  move,  atul  the 
Nftccff  of  the  ntfTTfiy  Jlmc  /.s*  the  s.pvcd  icith  irhich  the  irnvm  motv. 

161.  Phase  and  Phase  Angle. — In  the  ease  of  vibrations  along 
a  horizontal  line,  displacements,  aceelerations,  and  fort^i^s  direc^te^l 
from  the  p<jsition  of  equilibrium  to  ihe  right  aiv  rouri(c<l  [KfsitiveT^ 
In   the   ea.se   of   vibrations  along  a  vertieal  hne, 
dis]>hovments,     etc.,    from    tlie    zero    posilii 
upwards  are  counted  positive.     The  phaac  of 
perifjilically  vilirating  l>ody  is  (lie  fraction  of 
whole    jx-notl    of   vibmtion    which   has   ela] 
since  the  ^khW  last  jmssed  the  z4'ro  i)osition  in 
the  |x>silive  direellon.     Thus,  if  in  P'ig.    141   a 
body   vibmtes  along  the   line   AE  with  simple 
hannonic    motion,    and  if  at  intervals  of  one- 
eighth  of  the  pcriofi  of  vibration,  the  biidy  is  successively  in  the 
position  C,  D,  K,  D,  (\  B,  .4,  /i,  etc.,  then  when  moving  in  the  p 
tive  direction  the  phase  of  the  !M:»dy  at  ('  is  zero,  when  at  D  it  Ls 
when  at  E  it  is  \,  when  mox-ing  in  the op|X)site  direction  the  plu 
at  D  is  g,  when  at  <'  \\  is  J,  ete. 

Or,  since  the  projection,  on  any  stmight  line,  of  a  [mint  movin 
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unifonn  speed  in  the  circumference  of  a  circle  moves  with 
srrnple  lianiiotiie  motion  of  translation  (Arl.  l.*:J7),  pluu*e  may  also 
[■be  expressed  in  terms  of  the  nn^c  tUnni^h  wliich  the  radius  of  the 
sfcrence  cirrle  ha**  moved  since  the  Uxly  last  [Nissed  in  the  posi- 
tive direction  through  it8  p<:>sihon  of  oqiiilihrium.  This  angle  is 
ra.lle<l  the  pfuuse  angk.  Thus,  in  the  above  figure  when  the  body 
is  at  D,  and  moving  in  the  positive  direction,  its  phase  is  \,  and 
xKa  phaee  angle  is  ]ir  ra<lians,  or  45*';  when  at  E,  its  phase  is  J,  and 

^it&  phaHc  angle  is  Jir  radians,  or  90°;  when  at  D  and  moving  in  the 
Mgative  direction  the  phase  is  f,  and  the  phtu*e  angle  is  Jt  radians, 
or  136*. 
Two  bodies  having  phase  angles  that  differ  by  zero  or  by 
any  int<^j&l  multiple  of  2t  radians  are  said  to  he  in  the  same 
phase.  Thus  in  Fig.  137,  a  and  n'  arc  in  the  ^^;tnu*  phase,  b  and 
b'  are  in  tlie  siune  piia^e,  etc.  Two  bodies  hnviug  phase  angles 
that  differ  by  jr  mdiaas  are  said  to  be  in  oyposUe  pliases.  Thus  in 
Fig.  I.'{7,  n  and  g  are  in  opfKysite  phasci*;  and  in  Fig.  11^9,  the  spots 
5 and  1 1,  and  also  7  and  115,  are  in  op|X)site  phases. 

Ifi2.  Reflection  of  Waves. — Consider  the  passage  of  a  disturb- 
nnce  from  one  medium  to  another  in  which  tht"  restoring  force  is 
different.     To  fix  the  ideas,  take  the  case  <ff  a  long  i^piral  spring 
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led  for  a  part  of  its  length  with  halls  of  large  inertia  and  loadwl 
for  the  rejnainder  of  its  length  with  balls  of  smaller  inertia.  In 
the  first  |>art  of  the  spring  the  restoring  force  is  greater  than  in 
l.hi»  second  f»art.  Let  the  ball  «,  I'^ig.  142,  l>e  dispL\ced  to  the  right 
a  distance  represented  by  the  heiivy  arrow  below  a.  The  jwrtion 
uf  the  spring  b«'twe<Mi  a  and  h  Ix^ing  now  coiniHessed  more  than  that 
l>clwe<*n  h  and  c,  the  ball  h  will  l)e  di.^phire*!  (fi  !h(^  right.  The 
Irtill  c  wiUj  in  turn,  be  displaced  an  equal  amount.     The  motion 
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of  the  ball  (I,  however,  is  oppostxl  by  the  lesser  inertia  of  the 
and  consequently  d  will  he  (ILspIared  a  greater  tJistance  than  i 
the  preredinp  balls.     Tlie  siuTreiHng;  balls  will  l»e  displaced  throu 
distances  represented  by  the  he-avy  arrows  below  them. 

When  the  large  displacenient  of  d  hiis  occurred,  the  portion 
the  spring  between  c  and  d  is  more  extended  than  that  between 
and  c.  Hence  the  ball  c  will  l>e  displactMl  to  the  right  thi*ough 
distance  represented  by  the  hght  arrow  below  it.  Tluis,  a  pulse 
compression  from  n  to  (f  is  succeeded  by  a  pulse  of  rarefaction  f 
d  to  a.  Similarly,  if  a  pulse  of  ran^factioii  be  sent  from  a,  the! 
d  a  pulse  of  rnn'facdon  will  coiiHnue  intfi  the  second  i>i>r1ion  of  t 
spring,  while  a  puLse  of  compression  will  be  reflected  back  thi*ou 
the  first  jmrtion  of  liie  spring.  IL  foll4>ws  that  ii"  a  longitudii 
wave  originates  in  the  left  portioi»  of  the  spring,  then  at  thcjuncti 
of  the  two  fnirt.s  of  Ihe  spring  a  cnin|)ressitin  will  Lh;  reflect^ed  as 
rarefaction,  and  a  rarefaLlion  will  be  reflected  as  a  compressi 

When  a  longitudinal  wave  goes  from  one  medium  to  another 
in  which   the  restoring  force   is  less,   a  pulse  of  compression 
instantly  reflet'ted  us  a  ]>ulse  of  rarefaction,  and  a  pulse  of  ra 
faction  is  instantly  reflected  as  a  pulse  of  compression.     And  sin 
in  a  wave,  a  pulse  <jf  rarefaction  and  a  pulse  of  compression 
separated  bj'  one-half  of  a  wave-length,  the  wave  on  reflection 
said  to  experience  a  loss  of  om-hulf  wave-length.     In  going  from 
water  to  air  sound  is  reflectetl  with  loss  of  a  half  wave-length 
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The  case  is  somewhat  dilY(Mi*nt  when  a  longitudinal  wave  pi 
cceds  fn>ni  one  niedhun  to  another  in  which  the  restoring  force 
is  greater.  To  fix  the  ideiu*,  let  the  bjill  ft.  Fig.  143,  Im-  displa<'ed  to 
the  left  a  distance  repres*'ii(ed  by  the  heavy  arrow  below  h.  The 
bulls  {/,  /  and  e  will,  in  tuni,  be  dif?placed  almost  equal  distances. 
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TheiDertia  of  <i,  however,  is  s<>  great  that  d  is  displaced  }>iit  slightly. 
TW^  iLiaplttwinents  of  d,  c,  b,  and  a  are  ropiv,st>nl<Ml  Ity  tlie  heav>' 
tmnts  b(>low ,  LhcTii. 

W\ien  the  small  dif^plareinent  of  */  has  occuiTcd,  the  jwirtion 
*i  the  spring  Ix'tween  d  and  c  is*  more  eoinpressed  thiin  the  jKirtion 
between  e  aiid  /.  Henee,  the*  ball  e  will  be  moved  to  the  right 
throusji  a  distance  represented  by  the  Hsht  arrow  Ix^Iow  it.  Thus, 
ft  pul^e  of  coniprcsssion  fnjru  h  to  d  is  suceec*led  by  a  puLs<?  of  com- 
prrsKion  from  tl  to  A.  Siiriilurly,  if  a  puLs*^  of  rarefaetion  be  sent 
fiTMU  h.  then  at  *^  a  pulst^  of  rarefaction  will  (Huitinuc  into  the 
I  MMTond  portion  of  the  .spring,  whiile  another  pulse  of  rarefaetion  will 
1  1»  reflected  from  d  to  A,  When  a  longitudinal  wave  goes  from  one 
luniiuiii  to  another  in  which  the  n'storing  force  is  greater,  reflection 
Urtire  without  the  loss  of  a  half  wave-length.  In  going  from  air 
wat<!r  or  to  a  metal,  sound  is  reflected  without  the  loss  of  a  half 
»a\'e-iength. 

By  vibrating  a  or  h  transversely,  a  transverse  wave  will  be 
produced.  Wien  a  tninsverec  wave  travels  from  one  medium  Ut 
ther  in  which  the  n-sttiring  force  is  <lifferent.  then  at  the  bound- 
ary scpaniting  the  two  media  part  of  the  energ>'  will  l)e  trans- 
Biitted  into  the  second  metlium  and  the  remainder  will  be  reflected 
bwk  into  the  first  mi'dium.  In  going  from  air  to  glass  or  water, 
li?ht  is  reflectetl  with  loss  of  a  half  wav«*-lerigth. 

In  Ihf  alx>ve  panigrni>lLS  we  have  consi<lered  waves  limited  to 
oiw  dirt*ftion.  In  a  later  Article  it  will  be  shown  tbat-  for  waves 
Inveling  in  spaL-e  there  is  a  caw  in  which  reflo('ti(»n  may  occur 
without  any  encrgj'  being  either  transmitted  or  abs*>rtxHi  by  the 
second  medium. 

When  the  restoring  forccw  in  two  media  are  greatly  different, 
m^arly  all  of  the  energy  will  Ix?  reflected  at  the  interface  and 
Injt  a  small  amount  will  enter  the  second  merlium. 

163.  Superposition  and  Interference  of  Wave  Motions. — l^he 

force  acting  upon  a  body  may  l->e  the  resultant  of  two  or  more  com- 

inf*tii  forces.     The  motion  of  a  medium  may  Ix?  the  restdtant 

ue  to  the  sui^erpnsition  of  two  or  more  wave  motions,     Consider 

TPt'  similar   pieces  of  uniform    rubber  tubing,   AB,   A^B,    BC^ 

teil,  as  shown  in  Fig.  144,  to  the  ends  of  a  rod  A  A'  capable 
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of  oscUhilioii    about  a  horizontal  axis.     If   the   end  .4  Iw  nu 
up  urn]  down  with  prnndu-  nnttion,  waves  will  be  start<*d 
the  tulw's  AB  ami  A^B.     At  B  the  two  waves  will  be  supcri 
The  motion  of  BC  \v\\\  he  the  result  of  the  s'U|X'rix)silion  of 
two  waves  originating  at  .4   and  A\     In  the  pR^sent  cai^c 
component  waves  will  necessarily  be  of  thi^  sanie  peri<Kl. 
the  tuix^s  AB  and  A'B  are  of  the  same  length  and  the  dial 
from  A  and  -4'  to  the  axis  of  rotation  are  (vprd   1*uO  the  disti 
ances  from  ,4  and  A^  reacliing  B  at  ^''  ^  "  iiflt'will  be  of  eq< 
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ftiitpHtud(;  and  opixxsitc  pha.se.  Consequently,  the  displaeei 
of  B  will  e<pml  zerti — in  olh4'r  words,  the  motitm  of  B  will  l>e 
and  no  wave  will  be  transmitted  aWing  B(\  In  p:enoral, 
resultant  due  to  tlie  supcrrj>ositic»u  of  two  waves  wliich  meet  i* 
oppoisite  phases  and  whieli  are  of  the  same  fonn,  ainpHtude  ait<3 
wave  li!TJj<th,  is  zero.  Complete  neulrnlizulion  4rf  tiie  efTeet  oi 
one  wave  motion  b^'  another  is  called  lolal  dci^tmctive  ii 
feretice. 

Interforence  is  usually  not  total.  If  the  fonns,  the  amj 
tudes,  or  th(^  wave-lenj;tlis  uf  the  two  wavt*s  i-eaeliiii^^  B  were  not 
equal,  or  if  the  phases  were  not  opposite,  then  the  lesultant  dift* 
plfu'eiiicril  of  B  at  every  instant  would  not  be  zero.  This  point 
would  then  vibrate  with  an  amplitude  equal  to  the  alKobraic  suni 
of  the  amplituiles  of  the  two  waves,  and  a  wave  wouKi  l>c  trans- 
mitted mIou^  BC. 

Interference  is  tlie  distin^isliiug  chaiai'leri^tir  i*f  wave  mot 
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iterferenco  effects  can  l»e  ohtiiiiKMl  wilh  sound,  light  and  elec- 
ic-ity. 

Let  thp  |>lnnc  of  the  pago  rcprest'nl.  ihc  surface  of  water  in  a  l&rgp  tank  or 
id.     Lei  ,1  and  B,  Fig.  145,  represent  the  edges  of  two  long  boards  which 

*t  througti  tiic  gurface.     In 

is  a  tiurniw  nht  «,  and  in 

are  iwn  similar  nftrrnw 

rli>»e  tjip.aher,   piLnitli'l   ti> 

oqnul1>  .toAL  .  irom     s. 

If  Ihi'  water  sitrin.  -   ''V 

fck(t|tcil  with  thr  fiiigir 

tiitcr>-aU   !it.   Mime   poiru    .  =  ,  .'Jv'.'Vil*    !li    ^ 

circular  *avf'  will  jiriM'ioed  fi.  .. 
lliio  jHtinL  ttfl  a  center.  A  narrow 
prjrtitwi  of  the  wave  will  pmrcwi 
thmiiidi  the  aperture  «  and 
IMMttous  of  tJiis  wave  will  ejnerge 
thmugh  «%  ariil  »j.  Stnci-  m\  and 
■■  an*  nminend  syninietricaUy 
iH-rt  to  H,  the  wavM  at 
^^  ill  at  any  Kiveri  instant 
tm  tn    tikp  »ainp  phane  and  have 

the  *«rae  ainpliludi'.  The  fMjrtions  of  the  water  surface  to  the  right  of  li 
will  now  l»e  Imverwd  by  waves  tliat  proceed  an  though  they  had  been  set  up 
by  two  pejiodie  disturbances  at  »i  and  «i  of  the  »anic  period,  pluuie  and 
oiDpLitndv. 

i,t  5r>nic  pnrtit'uLir  iuMtaat  tin*  rre«Ifl  of  T.he  waves  procecsling  from  «i  and 
l>e  in  ihi'  )N>Hiritin8  nmrkiMl  by  the  circular  arcs  drawn  Iji  full  lines,  and 
Ahv  trouKlw  of  the  wave*  by  the  cimilar  ar^'s  drawn  in  dotted  lines.  The 
elevation  of  the  watrr  al)ovc  Ihc  luidisturbrd  surface,  at  any  point,  c<|UuN  the 
•mn  of  (he  eflerta  uf  ttie  two  waves  at  the  i(ivcn  point.  At  a  [xiint  whore  two 
enM»  eoineidc,  the  elevation  is  greater  than  that  which  would  Iw  pnnha-pd 
by  a  wave  fr»>m  eillu'r  of  the  Hnin*!.*.  At  a  jxiinl  where  two  troo|j;lu«  t'ouicido 
the  drpresaion  bcJiiw  the  undisturbed  level  is  icreater  tlian  that  which  would 
1«  pnKluced  by  u  wave  fmni  eitlier  of  the  8*>urces.  At  a  i>oint  where  a  en-Mt 
knd  a  Imtiieb  wuncide  (he  Hevation  is  small — that  is.  the  waves  here  tejid  to 
tietitralixc  one  another's  effect  and  produce  destructive  interference.  Since 
••a^  'i  '  i**r  nuive^  up  and  du«*n  with  the  same  frequency,  it  folIowK 

Xhi\-  now  displaced  the  maximum  distantrt^  above  the  undin- 

tur'  ili.  al  nn  instiiiit  one-'mlf  imtiimI  later,  be  disi^laoed  thr-  maximum 

dial. I  ,s  ihc  undiHturlK'd  level.     The  |Mirlicle,s  at  one  time  undiijlurl>ed 

will  rctitain  undisturbt-*!      Thus  along  the  lines  marked  mm*  the  f>articles  are 

mimttf  of  nmxiniutn  disturbance,  and  along  tlic  lines  mo  the  particles  are 
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Since  the  two  iK)uri'cs  of  itisturbancc  ^i  and  sh  vibmte  in  the  aamc  perioci 

same  phaAe,  it  follows  that  the  rt)ncJition  for  raaximuni  dUturbancc  at  any  giv 

point  ii^  that  at  this  poiiil  (he  twn  wavramust  biMn  th(^fiame]»ha.se.     It.  folio 

_^^  that  thorfe  will  tx-  niaximuin  di»*t  urban 

'^  '  "  at   any    point  whoHc    disUinre    from   oi 

source    difTorH    from    its   dlstjincc    to 

othor  souffo  hy  nn  amount  ecuial  lo  an; 

even  numlMir  of  liulf  wave-lengths. 

hirly  there  will  Ix?  miniuimu  disturt 

at   any   point   whose  distan<re  from   oi 

source  difTern  from  its  dwtance  to  the  oil 

sourt'O  by  an  amount  equal   to  any 

numlxT  of  luUf  wavi'-lengtlis. 

Fig.  146  was  made  from  a  photograph 
of  the  wavGs  on  the  surface  of  mcreury 
produrrd  by  the  vibration  up  and  down 
of  two  inm  wire,s.  The  two  vibnttiona 
wi're  <i\  the  sjimo  period  and  in  the  m 
Note  the  lines  along  whirh  eomplel^i  int*'.rferenc<'  oeciirs. 


Fig.  140. 


plmse. 
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164.  Standing  Wave  or  Stationaiy  Undulation. — Consider  a 
long  uiiifonn  riih!»er  (ubc  Ali  wliieh  lies  in  a  straight  line  on  a 
frietionletis  horizontal  plane.  T^et  both  ends,  A  and  B,  be  given 
transverse  simple  liarnionic  motions  of  the  same  period  and  ampli- 
tude. Since  the  tube  is  uniform  and  the  periocls  of  the  two  vibra- 
tions are  the  same,  the  two  waves  thereby  produced  will  not  only 
have  the  same  amplitude  and  j^erifMl  but  will  also  move  with  the 
same  speed  toward  the  middle  of  the  tube,  l^t  the  letter  R  denote 
the  wave  which  is  jjassing  \o  the  rijdit  from  A  toward  fi,  and  the 
letter  L  denote  the  wave  pa,ssin^  to  the  left  fruni  B  toward  .4. 
In  Fig.  147  a  section  of  the  tul>e  two  wave-len^hs  long  has  lx*e^_ 
chosen,  and  the  wave  form  for  that  particular  part  of  the  tube  ^H 
represented  at  eight  chosen  instants  by  the  cur\'e  marke<l  W. 
The  curve  marked  R  Ls  in  each  cfuse  the  form  the  rubl>er  tube  woulc 
have  if  the  tube  were  affected  only  by  the  wave  advancing  to  tl 
right,  and  the  curve  marked  L  is  the  form  the  tnlie  woidd  have 
alTectetl  only  by  the  wnw.  advancing  to  the  left.  Since  the  dii 
placement  of  any  small  part  of  the  tube  at  any  instant  Ls  tl 
result  of  its  displacement  due  to  R  and  tliat  due  to  L,  the  resultai 
wave  fonn  produced  by  the  two  sinTultaneoiis  waves  is  obtains 
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b>'  taking  for  the  ordimit^^  of  each  point  the  nl(;cbniic  siun  of  the 
ordinaits  of  tlio  two  component  ounces,  R  and  L.     In  this  uiaDner 
the  cxuve  IV  has  been  constructed  for  a  series 
(rf  successive  instants  one-eighth  of  a  period 
&{ttrt. 

At  some  moraent  the  creets  of  R  will 

coincide  with  the  troughs  of  Land  complete 

dcstnictive  interference  will  occur,  as  shown 

in  (I),  Fig.  147.     At  the  instant  one-eighth 

of  a  period   later,  R  has  advanced  to  the 

right,  and   L  lias  advanctni  to  the  left,  one- 

ctfdith   of   a   wave-length.     At  this  inatant 

the  condition  \»  that  reprej««Mitf'd  in  (2).     It 

will  be  seen  that  at  (pertain  (joints,  a,  6,  c, 

(f,  the   two    component   displacements  are 

fitiil  equal  and  opposite,  but  at  other  points 
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Fig.  148. 

they  are  not.     At  the  end  of  a  time  interval 
equal  to  another  one-eighth  ix^riod  we  have 
the  nionient   for   which   the  cur\'e8  in  (3) 
are  drawn.     Here,  the  siimc  [xjints,  o^  fc,  c, 
rf,  an?   still    undisplaced,    while    the   other 
points  are  farther  displaced.     In  the  san»e 
manner   we   can   follow  througli   the   dlher 
parta  of  the  figure.     As  we  do  so  wi-  find 
that  the  pointB  a,  b,  c,  rf,  etc.,  a  half  wave- 
length apart,  are  never  displaced;  and  that 
the  parts  of  the  tube  lu'lwcen   them  swing 
out  first  on  one  side  and  then  on  the  other 
leh  a  manner  that  all  pointy  of  tlic  tub*! 
through  their  ix)sitions  of  equilibrium 
ftt  the  same  instant.     In  Fig.    148  the  W 
nirvc«  of  the  previous  figure  are  superposed, 
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Fig.  147. 
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so  thai  the  eight  curves  indicate    the    petitions  of  llie   tube 
the  etitl  of  siiece.sHive  eighths  (if  ji  |>eno(l. 

Througliout  the  above  reasoning  transvei'se  waves  have 
consiiiered.     Proceeding  in  a  similar  itiiiiiner,  it  can  be  shown  i 
if  longitudinal  wave  motions  of  the  same  [XTiod,  amplitude, 
speed,  meet  when  moving  in  opposite  directions,  all  pcjints  of 
resultimt  wave  pass  tlu'ough  their  jK>sitions  of  e<]uiUl>nuin  at  t 
same  instant;  and  that  there  are  points  a  half  wavo-lfiigth  ap 
which  ai*e  never  displaced  and  each  of  which  is  alternately 
state  of  compression  and  of  nirefnclion. 

An  0Hcillaloi'>'  niolion  such  that  every  portion  of  the  medi 
aflfected  goes  through  its  eqiulibriiuTi  condition  at.  the  same  ins' 
is  called  a  standing  wave,  or  sioHonanj  undtdadnn,  A  standing 
wave  r<?sults  from  the  composition  of  two  waves  of  the  same  type, 
period,  and  amplitude,  moving  along  the  same  path  in  oppoai 
directions.  The  points,  a  half  wave-length  apart.,  which  rem 
always  at  rest,  are  called  nodes.  The  rt^gion  Ix^twecu  two  luxles 
called  a  loop^  or  ventral  segment.  The  middle  point  of  a  ventral 
segment^  i.e.,  the  point  mitlway  betwc^'n  two  successive  nodes,  is 
called  an  antinode.  The  uiaxinium  displacements  occur  at  the 
antinodes.  I 

At  a  node  where  the  spetvl  of  the  %'ibrating  medium  Ls  a  mini- 
mum, there  is  tlio  maximum  (change  of  tension,  pressure  or  density. 
At  an  antinode  whore  ihc  rhnnges  of  tension,  pressure  or 
density  are  minimum,  there  occurs  the  greatest  amplitude 
vibration. 

It  is  to  be  noticed  that,  since  the  two  component  wave  motioi 
are  conveying  energy  at  the  same  nite  in  opjxxsite  directions  a^ 
standing  wave  effects  no  continuous  transfer  of  energy  from  one 
place  to  anfither. 

In  the  exixTimcnt  adduced  to  illustrate  interference  (Fig.  1 
the  pf)int  of  intcTsection  of  the  nihl>er  tnl)cs  remains  at  rest, 
this  point  waves  from  A  and  A^  are  reflected.  The  motion 
each  of  the  tuh<'s  AH  fuul  A'Ji  is  (he  resullnnt  of  two  waves  of  ■ 
same  tyix?,  pt^riod^  and  amplitude,  moving  alnng  (he  Siunc  path 
in  opposite  directions.  That  is,  the  motion  of  each  Ls  a  station- 
ary undulation.     There  is  no  flow  of  energy  into  the  tube  BC 
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>5.  Polarization. — Iinaj^'no  a  long  horizontal  rutu>cr  turn?, 
,one  end  fii<;l<'nfil  to  the  wall  and  the  other  end  held  in  the  hand.  If 
free  end  be  moved  lyack  and  forth  in  any  straisht  line  [wrpen- 
[tcuiar  to  the  length  of  the  tulx',  (^ach  small  jfurt  of  Ihe  IuIh'  will, 
in  »uccession.  move  back  and  forth  in  a  direotion  parallel  lo  the 
initial  displacernent.  A  wave  motion  in  which  the  periodic 
TDOliotLs  are  in  straight  linen  ]>erp(Muiir*ular  to  th<^  dirtn^tion  of 
propagatiun  of  the  diaturbauee^  is  called  a  plane  polarized  wave 
motion. 

If,  however,  the  free  iMid  of  iht^  IuIm*  Ih*  trioved  in  the  eircun»- 
fcrenee  of  a  eirele,  a  neij^hboring  small  part  of  Ihe  tul>c  will  Ije 
G&uAHd  to  move  a  little  later  in  a  similar  manner;  this  will  cause 
ibc  next  part  to  move  in  the  ?yiine  way,  and  ho  on.  Thns,  there 
will  advanee  along  the  tube  a  wave  motion  in  which  each  small 
put  of  the  tulx;  moves  in  the  circumference  of  a  circle.     A  wave 
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motion  in  which  the  periodic  motions  are  in  circular  paths  in  planes 
perpendicular  to  tlic  direction  of  pi*opagation  of  the  disturbance, 
Is  called  a  arnthtrly  polarized  wave  motion.  We  can  also  produce 
elliptically  polariiWHl  wave  motion. 

If  an  observer  Htnndiug  at  one  end  of  the  tube  looked  along 
it^i  axis  and  saw  the  t\il>e  as  a  straitj;ht  Une,  a  circle,  or  an  ellij)se, 
and  knew  that  it  was  vibrating  in  some  manner,  he  would  be 
oertAin  that  the  vibrations  were  transverse  to  the  length  of  the 
tube.  If,  however,  the  tulH^  were  vibrating,  liut  to  the  observer 
appeared  as  a  |X)int,  he  woukl  l>e  certain  that  the  vibrations  were 
in  the  dinnrtion  of  the  length  of  the  tube,  that  is,  were  longitudinal. 

Let  the  tul>o  just  considered  pass  thronj^h  two  devices  (Fig. 
149),  (^fti^h  of  whieli  will  allow  the  tube  to  move  freely  in  the  direc- 

Ition  of  its  length,  and  in  one  direction  perix^ndicular  to  its  length. 
Let  the  apijaratus  P  be  so  turned  that  the  only  transverse  waves 
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which  if  will  transmit  ai-o  those  having  the  vibmtions  in  a  vertU 
plane.     Suppose  tluit  the  risht  imd  of  the  tube  be  given  a  pt^rifxlil 
motion  in  a  vertical  pilane.     For  instance,  suppose  that  it  he  moved 
lA  the  circumference  of  a  vertical  circle  in  a  plane  normal  t4i  tha^ 
length  of  the  tube.     The  tu1>e  will  itc  given  a  motion  wlneh  willH 
advance  to  P  in  the  fonn  of  a  helix.     But  since  within  P  the  tube 
can  move  only  in  n  vertical  line,  the  wave  emerging  from  P  will  be 
the  vertical  component  of  the  incident  wave.     It  will  Ix*  a  wave 
plane  polarizetl  in  the  vertical  plane.     Any  device  tiiat  will  prodii 
plane  jxdarized  waves  is  <'alletl  a  polarizer. 

If  the  apparatus  A  Im?  so  placet]  that  the  only  transverse  wav 
which  it  can  transmit  are  thase  having  the  vibrations  parallel  to 
those  tiansmitted  by  P,  then  the  waves  transniitted  by  P  will  a 
be  traasmitted  by  A,  Fig.  149,     If  now,  either  P  or  A  be  rotat 
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90*  about  the  length  of  the  tube  as  an  axis,  Fig.  150,  then  the  ph 
jKilarized  waves  traiwtnitted  by  P  cannot  pass  thniugh  ^4.     But  if 
the  wave  incident  on  A  were  not  j)lane  polarized,  a  component 
would  l)e  transmitted.     Thus  the  device  A  serves  to  distinguish 
plane  |K)lanzed  frnin  un]x>larized  waves.     A  device  wliich  serves^ 
to  detect  i>lane  [>i>larizei]  waves  is  called  an  analyzer.     An  appall 
ratus  that  can  be  udcd  as  a  polarizer  can  be  used  as  an  analyzer, 
and  eonvei-si'ly. 

If  the  original  wave  had  been  longitudinal,  that  is,  if  the  vibi 
tiouH  had  been  in  the  direction  of  the  tube,  then  with  the  polarij 
and  the  analj'zor  in  eitlier  ix>sitif)n  above  considered,  the  wai 
would  have  Imhmi  transmitteil  by  P  and  also  by  A. 

By  means  of  a  polariKer  with  an  analyxer  we  can  diatingu 
a  longitmlinal  wave  from  a  transverse  wave.     If  a  given  wave 
motion  is  transmitted  by  two  devices  when  arranged  in  a  certain 
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positioQ  relative  to  one  another,  is  not  transmitted  when  one  of 
Qmtn  28  rotated  90°,  is  again  transmit tt*ti  when  the  rotation  is 
meresaed  to  180°,  and  is  not  tranHniitted  when  the  rotation  is 
incraiaed  to  270**,  then  the  given  wave  motion  must  l>e  (rans- 
veree.  This  phenomenon  of  ix)larization  is  the  tliatinguislung 
characteristic  of  transverse  wave  motion. 


Ordinar>*  light  posBes  readily  through  a  slice  nf  tourmaline  crystal  in  any 
(firMtion.  Suppoae  two  slices  are  cut  parallel  to  the  uxis  of  the  crj'slul.  It  is 
found  that  ordinary  light  paaacH  through  thcac  slices  separately,  and  also 
piTfl  through  the  two  when  placed 

ODe  behind   the   other  with  their  /\ 

ueft  pandlel  aa  in  A  and  B,  Kig. 
151  If,  however,  the  two  alire*) 
are  placed  one  U'hiud  the  other  with 
the  tma  of  onft  at  90*  with  the  axirt 
of  the  other  (Fig.  151  O.  no  hght 
will  be  tninstJiitted.  Thi«  indit'ales 
that  tight    waves  do  not  have  the 
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properties  in  nil  diroctionj*  about  the  line  of  propagation.  Hencie, 
the  vibraliotw  constituting  light  are  not  in  the  direction  of  the  propaga- 
tion of  the  wave.  Tlierefore.  light  \b  a  transverse  wave  motion.  It  i»  ra-cd- 
to  aay  that  the  mechaniam  by  which  polarization  ia  produced  in  l^jurmaline 
at  all  analogous  to  the  slots  in  the  frames,  Fig.  150,  used  in  the  study  of 
waves  in  cords. 


156.  Isotropic  and  Anisotropic  Media.— Any  portion  of  a  imi- 
form  specimen  of  ghiKs  or  of  (]uarlz  is  f^irnilar  in  all  re.s|x>cts  to  any 
other  portion  of  the  same  specimen  so  long  as  the  iiortion  considered 
is  larger  than  uiohx-ular  diraensions.  That  is,  uniform  kIums  is 
hoinogene*.>us  and  uniform  (piartz  in  houiogtiucHJUs,  Hut  glasfl 
dififers  from  quartz  in  that  light,  heiit  and  mechanical  vibrations 
arc  transmitted  with  the  same  speed  in  all  dinnlitjus  through 
uniform  glass,  whereas  light,  heat  and  inechaniral  vibrations  are 
transiiiittcd  with  une^iual  speed  in  different  directions  through 
uniform  quartz. 

A  mwiium  wliich  at  any  point  has  the  same  properties  in  all 
directions  is  said  to  be  isotropic.  A  medium  which  al  any  given 
point  has  (hiTerent  ()rofK*rti<*s  in  diffenmt  dinn-lions  is  said  to  !><> 
aniaotropic  or  aeolotropic.     Under  ortlinary  conditions  h<iiiids  and 
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^Lses  ore  isotropic,  while  crjstjiLs  are  anisotropic.     Annealed  gl 
is  isotropic,  but  unannealed  strained  glass  is  anisoti'opic. 

If  a  point  in  an  isotropic  ni(xliuni  he  wt  int^i  periiMlie  nmtion' 
a  wave  will  Ix*  phkIucccI  which  advances  from  the  point  in  all 
directions  with  the  same  speed.     The  surface   passing  tlirou; 
all  adjacent  partich^  wliich  are  iri  the  same  phase  of  vibration 
a  sphere.     The  suiface  passing  through  all   adjacent   [>i>intj 
wliich  the  phase  of  the  vibration  is  the  same  is  called  a  xonvtfi 
The  direction  in  wliich  a  wave  is  tulvancing  is  calUxl  a  ray.     In  the" 
case  of  a  wave  fr(»in  a  ixiint  source  in  an  isotropic  incdiuiu,  the  nijs 
are  perpendicular  to  the  wave  fronts.  ^| 

If  a  jxjint  in  an  anisotropic  medium  be  set  into  periodic  motion, 
the  wave  pixxiuced  will  not  be  spheri<*al.  In  anist:»tropic  metlia, 
wa\'e  fronts  in  general  are  not  perpcnidicuhir  lo  Ihe  raj's.  ^| 

167.  Construction  of  Wave  Fronts. — Consider  the  wave  motion 
due  to  a  fwniodir  dislui'b.'mci^  at  Ihe  (M»int  .S  in  an  isotropic  medium 
of  indefinite  extent.    If  a  wave  front  meets  a  screen  AB,  Fig.  15^fl 
containing    an    opening,    a  portion  of  the^ 
wave    will    t>e  prevented  from   a<ivancing 
beyond  the  screen.     A  portion  abc  of  the 
advancing   wave   front    will    traverst*    the 
aperture  and  at  some  latxT  instant  will  be 
in  (he  position  a'6'c'.    The  form  a'bV  is 
determined  solely  by   the  form  and   posi- 
1ion   of  the   part    abi\   an<i  wouhi   ix*  the 
same  even  though  the  [XTimlir  disturbano^H 
at   .S    had    ceased    after    originating    the!^ 
Pig.  152.  wave.     Coosctiuenlly,  the  new  wiive  fnmt 

a'ftV  is  due  solely   to  the  ]K>sition  abc  of 
the  pre\'ious  wave  front,  and  the  energ>'  in  nhc. 

These  considerations  lead  to  the  conclusion  that  ever>'  point  in 
a  wave  front  traversing  an  isotrof)ic  medium  is  ac*nterof  disturl 
ancc  from  whifh  spreads  a  spherical  wave.     This   result  is  call< 
Huyghens'    Principle. 

For  example,  in  the  above  figure  consider  the  di5turban< 
sent  out  by  each  jw>int  of  the  wave  front  ai>c.     At  some  givci 
instant  the  spherical  wave  fronts  produced  by  the  disturbam 
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at  these  points  will  have  rearlwd  the  p<\Mirions  irulicatfvl  by  the 
littir  rirrlet*.  On  tho  surface  o'b'c'  \\in\ivi\l  to  all  of  these  wave 
fronts  the  disturbance  is  very  gi*eftt,  anrl  it  ran  l>e  shown  that  at 
points  l»ack  of  tiiis  enveloping  surface  the  waves  fnim  the  difTeroiit 
points  of  abc  interfere  (lest met ively.  Consefiuently,  al  any  instant 
the  wave  front  of  a  disturbance  is  the  envelope  of  all  the  secondary 
wave  surfaci>s  which  are  due  to  the  aeiifm  as  separate  sources  of 
all  the  |x>ints  that  at  S43ine  pn^vious  iastunt  constituted  the  wave 
front. 

This  nietlio«J  of  det<*rmining  the  foini  of  a  wave  front  at  any 
lint  after  some  previous  i>«>sition  is  called  IIuygheTis'  Construc- 
tion.   For  example,  wave  fronts  of  different  fonns,  abc,  Fig.  153, 


hi*' 


I''ki.  l.'w. 


154,  and   155,  advancing  to  the   right  hi  an  LiotroiMc   niediun 
would  at  some  later  inst«nt  have  the  forms  n'b'c'  as  shown. 

A  wave  which  hits  a  front  of  uoiiliiiually  imiea.sjng  radius, 
as  in  Fig.  153,  is  called  a  diverging  wave.  A  wave  whieli  has  a 
front  of  decreasing  ra<liu8,  as  in  Fig.  154,  is  cullt^rl  a  cotivtrghuj 
wave.  A  pian.€  icatn^.  Fig.  155,  may  he  considered  to  have  a  wave 
front  of  infinite  radius. 

The  f>oint  from  which  a  wave  diverges  (f'l,  Fig.  153),  or  to 
which  it  converges  (F^t  Fig.  154),  is  called  tht^  focas  of  the  distiu*b- 
ance,  or  the  center  of  the  wave. 

In  the  alK>ve  discussion  waves  in  isotropic  media  only  have  In^en 
considered.  But  Hiiyghena'  CoiislnicliDn  can  be  ap[)liefl  equally 
well  to  waves  in  anisotropic  media.  Since  in  this  Ciis<»  the  dis- 
turl»ancc  travels  in  dilTcrenl  dinrtions  through  themedimn  with 
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different  speeds,  a  wave  originating  at  a  point  source  will  not  hai 
a  spherical  front.     Examples  of  the  eonstruetion  of  wave  fronts  in 
anisotropic  media  will  be  considered  in  a  later  Article. 

When  a  wave  pa^sses  through  an  opening,  the  cjncrgent  wai 
front  will  extend  l>ut  a  slight  distance  into  the  geometric  shadow 
of  the  sides  of  the  oijeaing  if  the  wave-length  is  short,  Fig.  li 


& 


Fio.  156. 


Fia.  167. 


But  if  the  wave-length  is  lonj^,  the  wave  will  extend  for  a  con- 
siderable distance  into  the  geometric  shallow^  Fig.  157. 

Similarly,  in  the  ctisc  of  an  olxstade,  there  will  be  a  distini 
shadow  if  the  wave-length  of  the  disturbance  is  short,  Fig.  158^ 
whereas  there  will  be  very  little  shadow  if  the  wave-length  is  long, 


Fio.  158. 


Fid.  169. 


Fig,  159.    Light  gives  distinct  shadows,  whereas  sound  prodi 
indistinct  shadows. 

168.  The  Laws  of  Reflection  from  Mirrors. — If  a  wave  be  i 
dent  on  a  rough  surface,  the  incident  wave  will  be  broken  up  and 
8cattere<l  in  all  <lirc('tions.  If,  however,  the  dl.'^tancc  l>etwi*en  the 
elevations  of  the  surface  l>e  less  than  a  quarter  wave-length,  the 
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incident  wave  will  ]>c  reflertc*!   without  scattering.     A  surface 
which  reflects  waves  without  scattering  is  cailed  a  rmrror. 

Consider  ^  wave  diverging  from  a  point  source  S  an(i  incident 
on  a  plane  mirror  MM',  Fip.  1(50.  It  will  Ix^  assumed  that  the. 
medium  surrounding  the  mirror  is  aii-  or  some  other  isotropic 
substance.  In  this  case  the  wave  front  of  the  wave  from  S  will 
be  spherical.  If  the  mirror  had  Ijeen  absent,  the  wave  front 
would  at  some  instant  (tccupy  the  position  MQM\  With  the 
mirror  in  place,  each  element  of  the  mirror  struck  by  the  wave 


-s* 


Fi(i.   It«). 


imes  a  center  of  disturbance  from  whii-h  enerp^v  is  pro|m- 
gat^il  in  every  direction.  Enorg>'  thut  in  pnypagated  buck  into 
the  first  medium  is  said  to  be  reflected;  the  energy  that  is  pmpa- 
gate<l  through  the  second  medium — in  tins  case  tlie  sulxHtan<?e 
constituting  the  min-or — is  said  to  be  tranHruitt^i;  wliilc  the 
enerjo'  t.hat  at  the  mirror  Ls  tiunwftjrmed  into  heat  is  said  to  be 
absorl^ed.  In  general,  when  a  wave  is  incl(iont  upon  a  mirror  S4nne 
of  the  energy  ia  reflected,  st)me  is  transmitted,  and  the  remainder 
is  aljsorlxsl 

If  the  mirror  were  absent,  at  a  certain  time  after  the  wave 
reached  the  point  c  the  disturbance  would  have  progressed  a  dis- 
tance cQ.  But  the  mirror  being  present,  cnergj^  is  turned  back  into 
the  firat  medium,  and  at  the  same  speed  with  which  it  came  toward 


i 


202 


WAVE   MOTION 


the  mirror.  C'oiiHCciuently,  the  reflected  wave  front  is  sonicwhcrr 
on  A  sphere  of  radius  d),  wliich  has  c  as  a  center.  It  will  also  l>c 
seen  that  ihi'  n-flrcted  wave  front  touches  {^very  t^phen*  tanRpnt 
to  tlic  surface  MQM'  that  can  W  des^cTilx^i  alwiil  centers  on  the 
mirror  sui-faec.  From  Huy^hc^ns'  (imstniction  the  (envelope  of 
all  these  secondarj*  spherical  surfaces  const  itutea  the  reflected 
wave   front    MPM'. 

Tiic  above  const  niction  sliows  tliat  the  incident  wave  front 
MQM*  and  the  refleeleil  wave  front  MPM*  have  equid  nidii  of 
curvature,  and  that  tlic  Hue  N.S"  joining  the  centers  of  curvature  of 
the  ineitJent  an<i  reileet*Hi  wave^  is  normjd  to  the  nurror.  Con- 
sequently, a  plaite  mirror  reverses  the  directifvn  of  the  enrvature 
(tf  the  incident  wave  wilhout  alterinii  thi'  amount  of  the  cur\'utun\ 

Since  the  reflecteti  wave  appears  to  onRinate  at  S\  this  point  is 
cuIUhI  tlie  virtual  Hmtrce.  or  virtual  focus  of  the  wave. 

^The  relatif»n  In-tween  the  niaKnitxtde  of  the  angle  of  refleetion 
and  the  angle  of  ir\ci(ience  will  now  he  oblairanl.  In  Fi)if.  160, 
consider  the  wave  thai  travels  from  the  smiri-e  S  to  th<!  mirror  along 
any  line  S6.  From  h  draw  the  line  bE  tujnnal  to  the  reflected 
wave  front.  Tliis  hue  lacing  the  path  of  the  wav<'  reflected  at 
6,  is  i!alle<l  the  refleeted  ray  at  the  point  h.  The  angle  SbR  hetween 
the  nicidcnt  ray  ami  the  normal  hfi  to  the  mirror  is  calletl  the 
angle  of  fu<:ittt'nce.  Siniilaviy.  the  nn^U-  KhR  between  the  reflected 
ray  Hn<l  the  mtrmal  to  the  mirror  U  caUed  the  an^le  of  reflcciion. 

In  llu'  triangles  Sch  and  S'vlf,  cb  is  connnon,  S'c=Sc  and  SS' 
is  periMMidimlar  lo  MM'.  Therefore  the  trianjjtles  .Sc6  and  *S>'c6 
are  eoucuirent.     Vntin  life  hKurc,  tlie  anklets 


bS'c=bSc, 
aiul  the  alternate  interior  angles 

bSc^SbR. 
EbRSbR. 


Therefore, 


That  is,  the  angle  of  rcflcclimi  cgiiabf  the  angle  of  incidence. 
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It  will  now  be  shown  that  tho  reflected  ray,  the  incident  ray, 
anti  the  noniinl  to  thu  rnijTor  at  the  ix>iiit  where  a-fleetion  occurs, 
lie  in  ihc  same  plane.  Sinre  N  wai?  (;hostMi  in  the  plane  of  the  pajx^r, 
and  since  in  an  isotropic  ntediuiu  the  wave  front  is  normal  to  the 
ray,  it  follows  that  alon]tj  an  intei'section,  MQM'^  of  the  jwiper  and 
the  incipient  wave  front,  tlie  wave  front  is  j)er[)entli<*ular  to  the 
plane  of  the  paper.  Again,  since  when  the  plane  of  the  mirror  is 
iionnul  to  the  plane  of  the  pajx^r,  .S»S'  is  in  Uir  [)lnne  nf  fJio  pMp<% 
it  follows  that  the  {)oint  S"  i«  in  the  plane  of  the  ]>aix'r.  Again, 
fijnce  5*  is  in  the  plane  of  the  paper,  and  tsince  iii  an  isotropic 
medium  (he  wave  front  is  normal  to  tbo  ray,  it  follows  that  the 
ivA^m'UhI  wave  fnjnt  where  it  inlersectH  the  pagi*  'm^  ti\i^\  iHTiirn- 
dicular  to  the  plane  of  tlic  paper.  Whence,  the  reflected  ray  lies 
in  tlie  plane  of  the  paper.  C'onseiiuently,  the.  reJhcUai  ray^  the 
XACidenl  ray,  afui  the  normnl  to  ilw  minor  a(  the  point  where  reflec" 
turn  occurHf  lie  in  the  name  plane. 

169.  Change  in  the  Form  of  a  Wave  Front  Produced  by  Reflec- 
tion from  a  Curved  Surface. — The  mirnjrs  in  nuist  ecHnnion  use 
have  either  plane  or  spherical  smfaces.  The 
wn(er  C  of  the  spherical  surfat.'c  MPMt,  Fl^. 
161,  ia  called  the  center  of  curvature  of  th<'  niir- 
rur.  The  middle  point  P  of  the  refiectiuK 
flirfat^e  is  called  the  pair  of  the  mirror.  The 
right  hue  CP  joining  the  center  of  eurvaUire 
and  the  pole  is  called  the  princijHil  ojcis  of  the 
mirror.  Tlie  diameter  MMi  of  the  circular 
(joundary  of  the  mirror  is  railed  the  iiuinr 
ttjtrrturr: 

First,  consider  the  reflection  of  a  plane 
wave  from  a  concave  spherical  uiirror. 
By  Huyghens'  Constnietion  (Art.  157), 
the  reflected  wave  front  in  determined  by 
rurusidering  the  disturbance  si't  up  at  eiicii 
p(jint  of  the  niirror  that  is  struck  by  the 
the  mim>r  were   absent,    then   at    a    pivon 


Ficj.  IGI. 


incident  wave.  If 
instant  the  wave 
fnmt  would  have  reach***!  the  plane  A\P!i].  But  tljc  mirror  txnnjr 
preeeut,  the  original  wave  is  interrupted,  and  each  point  of  the 
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mirror  that  is  struck  by  thn  wave  becomes  a  center  of  disturb? 
ancc  and  orif;inates  a  secondary  spliori<'ai  wave  which  goo«  back  into 
the  first  itiediuiii  with  the  saint»  sjk'c^I  with  which  the  original  wave 
approached  the  mirror.  Conse(iuciitly,  if  with  oarh  point  of  the 
mirror  as  a  center,  spheres  be  constructed  tau^ciit  to  the  plane 
AiPBij  the  tangent  surface  A-jPB^  enveloping  these  spheres  will 
be  the  reflected  wave  front  at  the  pivcn  instant. 

Ill  Kt^Dcral,  when  a  .spherical  wave  is  incident  on  a  spherical 
surface  (a  |>Ia]ie  is  a  s|>here  of  infinite  radius),  the  reflected  wave 
will  not  }k^  spherical-  Wlicn  a  spherical  wave  is  incident  on  a 
spherical  mirror,  the  dc\'iatir)n  from  a  spherical  form  of  the  rcilectwl 
wave  is  (^alle<l  .tpheriral  afHrraJion. 

The  portion  of  (he  wave  reflect eil  from  1  he  mirror  near 
the  pole  is  approximjitely  spherical.  Thus,  if  the  aperture  of  the 
mirror  is  small  eomparcd  with  the  radius  of  curvature  of  the 
mirror,  the  rcflecttni  wave  front  Is  nearly  splierii'al  and  advances 
with  diminLshiiig  radiuti  of  curvature  until  the  entire  wave  front 
shrinks  to  nearly  point  dimensions  at  F.  In  all  of  the  following 
consideration  of  curved  mirrors,  smaU  apertures  will  be  assumed. 
A  converging  spherical  wave  will  shrink  to  jxiint  dimensions. 
The  point  to  which  a  plane  wave  that  is  advancing  toward  a  con- 
cave mirror  parallel  to  the  principal  axis  converges  aft<^r  reflection 
is  called  the  principal  Jociis  of  the  mirror. 
The  distance'  of  this  |x>int  fnim  the  {xjjr  of 
the  mirror  is  called  the  principal  fontl  length 
of  the  mirror. 

160.  The  Position  of  the  Principal  Focus 
of  a  Spherical  Mirror. — I^ct  .1,  Tig.  102, 
be  a  point  sourue  on  the  principal  axis  itf 
a  concave  mirror  having  the  center  of 
curvature  at  (",  The  wave  tmveling  along 
the  ray  AX  will  Ik*  reflecteti  along  the  path  XA'.  Since  CXA' 
=  AXC,  we  havcj* 

AC  _AX 

CA''j71' 


A^ 


Fa:.  ie«. 


*  lo  any  trimnsle,  the  bisretor  oi  ui  ancle  dJvidor  ibe  oppo«it«  aide  into  •ecmenla  pn^ 
|iOrtioD*I  tu  thr  bdjaceitt  aidttp 
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If  the  angle  ATI'  is  small,  then  .l.Y  =  i4T'  (nearly),  and  ^'.Y 
=  ^'1'  (nearly).     In  this  e.a*ie,  the  aUive  eqimiioii  may  be  written, 

AC  ^A  Y 
'CA*'~  A'Y- 

Putting  this  equation  into  the  form 

CA'^AC 
A'Y^AY' 

we  aee  that  so  long  as  the  angular  aperture  WA  Y  Ls  small,  the 

position  of  the  point  A'  deixnul?  only  \\\^n\  the  jKJsition  of  the 
!«»urt't"  and  the  curvature  of  the  mirror.  That  is,  under  this  con- 
dition, all  the  light  from  A  that  strikes  the  mirror  will  l>o  reflected 
U»thi»  i»int  .4'.  Consequently,  -4'  is  the  forus  of  the  liKht  fi*om  -4. 
It  will  Ixt  ronvenieiil  Ui  represent  the  radius  of  curvature  of 
ihe  mirror  by  r,  tl^e  distance  of  the  source  A  from  the  pole  Y  by  u, 
lod  the  distance  of  the  focus  .4'  from  tho  pole  by  ih  Using  this 
notation,  the  la^it  equation  af^sumes  the  form 


ur  —  uv 


Utf  —  w. 


On  dividing  each  term  by  uvr, 

2.    1 


u^-V 


(111) 


This  equation  gives  the  relation  between  the  distances  of  the 
sourw?  and  of  the  focus  from  a  concave  mirror  of  small  angular 
aperture  in  terms  of  the  radius  of  curvature  of  tl*e  mirror.  If 
the  source  be  at  infinity,  that  is,  if  u  {  =  .4  >')  =  oc  ^  the  above  equa- 
tion becomes 

r~V 


(112) 
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ngle    ■ 
rn  ^B 


That  is,  tho  principal  focus  of  a  concave  spherical  mirror  of 
angular  aixTdin'  Ih  midway  between  tlie  center  of  curvature 
the  iK)le  of  the  imrrfir.     The  principal  focal  length  is  one-half 
radius  of  curvature. 

161.  The  Parabolic  Mirror. — It  isphown  in  Aualytic  Geouiet 
that  "  the  normal  at  any  poirjt  P  on  a  paral)ola  bisects  the  angle 

between   the   focal   railius   FP  and   the 
—        through  P  parallel  to  the  axis  of  the  curved 

Frotu  this  pixijierty,  txigelhor    witli    the   lai 
~  of  rf^flection,  it  follows  that  a  wave  from 

point  so\irce  at  the  fociis  of  a  parabola  will, 
after   n'fii'ction,  ennerge  as  a  cylindrical  beam 
Fio.  163.  parallel    to    the    axis    of    the  paratwla.     For_ 

this  reason,  a  small  intense  light  source  at  thtfl 
focus   of  a  paralxilic   mirror  constitutors  a  simple  and  effective 
lantern  or  head  light.  j 

If  the  point  source  bo  lx?tween  the  pole  of  the  mirror  and  ih^H 
foca?,  the  rdiccterl  beam  will  be  divorgont;  if  it  be  farther  from 
the  pole  than  the  focus,  the  reflected  iK-am  will  l>e  convergent, 

162.  Change  in  the  Form  of  a  Wave  Front  Produced  by  Refrac- 
tion at  a  Plane  Surface. — Imagine  a  wave  originating  at  a  point  *S, 
Fig.  11)4,  to  pa^s  froni  one  isotropic 
transparent  mediimi  to  another  in 
which  the  velocity  is  gi-eater  than  in 
the  fii-st.  Every  i»int  of  the  jilane 
surface  AW  separating  the  two  media 
that  is  struck  by  the  wave  will  U'  a 
new  center  of  disturbance.  Siip])osii 
that  in  the  second  meilium  the  veloc- 
ity of  the  wave  is  \.ii  times  us  great 
aa  in  the  first  metlium.  If  with  the 
second  medium  absent  the  wave  fn)nt  |H 
at  wvme  given  instant  were  AV/.V,  the  actual  wave  front  in  the 
second  medium  could  bi^  construct<Ml  as  follows:  With  varioua 
points  a,  c,  e,  etc.,  of  the  interface  aa  centers,  construct  a  numbeH 
of  spheres  of  radii  1.5  (ah),  1.5  (a/),  1.5  (ej),  etc.  The  surface 
NPN'  euveloping  these  spheres  is  the  wave  front  in  the  second 
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medium.  If  \\\v  disUmco  NN'  is  small  compared  with  *SA',  it  win 
l>e  proved  that  the  new  wave  front  is  nearly  spherical  in  form  anti 
that  the  wave  in  the  seuomi  nie<liuni  iidvant'c-s  aw  though  it  origi- 
nated at  a  jjoinl  iS'.  The  real  source  S  and  the  virtual  source  S' 
are  on  u  hne  normal  to  the  surface  separating  Uie  two  nietha.  Con- 
sequently, a  wave  traveling  from  the  first  medium  to  the  second  in 
any  ilirection  except  the  one  normal  to  the  interfat'o  will  be  bent 
out  of  itfl  original  direction  at  th(!  interface  separating  the  two 
mi^lia.  The*  phenona-noii  of  the  bri'siking  or  berKhng  t)f  a  ray  at 
the  surface  s<'pjiraiing  two  media  in  wliich  the  wave  travels  witli 
different  hp^mhIh  is  called  refrncHtm. 

When  a  wave  pfusses  obli(|ueIy  from  a  medium  in  whi<*h  the 
spcs^d  ia  less  to  a  medium  in  which  ihe  speed  is  gn-ater,  the  ray  ia 
bent    away   from    the    normal    to 
the    surface    separating     the     two  ' 

media. 

By  proceeding  ui  exactly  the 
same  manner  as  above,  it  can  be 
filiown  by  uieunH  of  Fig.  105  that 
when  a  wave  passes  from  a  point 
source  in  a  transparent  isotropic 
niedium  to  another  in  which  the 
flpeed  is  less,  the  two  media  being 
it<»paratod  by  a  plane  surfnce,  the 
wave  front  in  the  strond  medium  is  nearly  spherical  in  form 
and  atlvances  a.s  though  it  origitiated  at  a  iwjint  .S'  at  a 
greater  di>*taiTce  fi'om  the  interf:ice  than  the  real  source  S.  Also, 
when  a  wave  jiasses  olilicinely  from  a  nu'diiun  in  which  the  HiH»ed 
is  greater  to  a  medium  in  whidi  tlu'  hxh^ih]  is  less,  the  ray 
is  bent  t<owani  the  nonnal  to  the  surface  se[)arating  the  two 
tncdia. 

163.  Change  of  Wave  Front  Produced  by  a  Convex  Lens. — A 
lens  that  is  thicker  at  the  center  than  at  the  e<lges  is  called  a  con- 
vex lens,  while  one  tliat  Ls  tliinner  at  the  center  than  at  the  edges  Ls 
CttUed  a  ctmcave  lens.  The  line  joining  the  centers  of  cnrvatui-e  of 
the  two  faces  of  a  lens  is  ralkMl  the  pnnajMiJ  tixii^  of  the  lens.     The  . 

points  where  the  principal  axis  intersects  the  faces  of  a  lens  ai"*"         J 
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called  the  poles  of  the  lens.     The  duimet«r  of  the  uncovered 

(if  a  lens  is  called  the  aperture  of  the  lens. 

Consider  the  change  in  the  form  of  a  wave  front  prcHluced 

piui;8age   through   a   convex  lens.     In   Fig,    16C   is  represented 

plane  wave  AB  proceeding  t«waril  a  eonvex  lens  parallel  to 

principal  axis.  To  simplify  the  p: 
ent  (construction,  the  first  face 
the  lens  is  taken  to  be  plane,  ' 
entering  the  firnt  surface  the  speed 
the  wave  is  change<l,  but  not  the  fonn 
of  the  wave  front.  To  fix  the  ideas 
assume  that  the  leiLs  ha  of  gloss  and 
that  the  speed  of  the  wave  in  glass  is 
two-thirds  the  speed  in  the  surround- 
ing air.  If  the  glas.s  extended  indefi- 
nitely t-o  the  right,  then  at  some  instant 
the  wave  front  in  the  glass  would  be 
AiBi.  But  when  the  glass  is  twunded 
by  the  surface  represenietl  in  the  figure, 
Huyghens'   Construction,    that  at  this  instant 


;<^:>S-1J' 


t>J}i 


•JB, 
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we    find    b\ 

wave  front  is  A2PB2 

Wlien  a  8[)herieal  wave  is  incident  on  a  lens  of  large  apert 
boundetl  by  spherical  surfaces  (a  plane  Ls  a  sphere  of  infinite 
rachus),  the  otnergent  wave  will  in  general  not  Ix-  spherical.  If, 
when  a  spherical  wave  is  incident  on  a  lens,  the  emergent  wave 
frunt  is  not  .^pherieal,  the  deviation  from  the  spherical  form  of 
the  emergent  wave  Ls  called  spkcn'ml  aben-aiion  ffy  refrociioti. 

If  th{*  incidi'nt  wave  is  spherical  an<i  proceeds  pamllel  to  the 
principal  axb*  of  the  lens,  and  if  the  lens  is  covcn^d,  except  a  sm 
area  about  the  ixik*,  Ihe  emergent  wave  will  l>e  pnu'tically  sph 
ical.     That  is,   the  spherical  aberration  will  be  negligil>le. 
the  remaining  diagrams  of  the  present  article,  spherical  aberrati 
is  neglected. 

The  change  in  the  form  of  a  wave  front  produwd  by 
through  a  convex  lens  ui:u]v  of  a  material  in  which  tJie  si^etnl  of 
the  wave  is  less  than  in  the  surrounding  medium  may  Ix^  ilhistrateti 
by  the  four  following  diagrams.     A  point  toward  which  a  wave 
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IS  oallpfl  a  real  foetus;  ii  point  from  which  a  wave 
Iges  is  called  a  virtual  focus.  In  Fig.  167  a  plane  wave 
lunx^  parallel  to  the  principal  axis  convergers  aft^r  transniis- 

to  the  real  focus  F.  The 
t  to  which  a  plane  wave 
mcing  parallel  to  the  princi- 

axis  converges  after  einer- 
e,  or  from  which  it  diverges 
r  emergence,  is  called  the 
cipal   foru^    of    tlie    lens   or 

pm  of  Ien«<»>?.     A   lens   hii«  a  Fir;.  I67. 

cipal  focus  on  each  side. 

F'ig.  IftS  illustrati's  the  fact   that  if  \\iv  \\\i\v  originat^'w  at  a 
S  farther  from  the  lens  than  the  principal  focun,  the  emergent 


Fio.  168. 


11  converge  to  a  focus  F\,  beyond  the  other   ]>rincipal 


Fig.  lt)9  illustrates  the  converse  of  Fig.  U>7,  namely,  that  a 
^p  wave   originating  at  a  prin- 

cipal focus  will  after  IranB- 
jiiiKsioti  Ijy  a  convex  lens  Ix; 
u  plane  wave. 

A  wave  originating  at  a 
point  lK?tween  a  convex 
fiph<;rical  lens  an<l  a  princi- 
pal fot'ua,  Fig.  170,  will 
after  transmission  advance 
point  *S'  beyond  the  principal 


. 


IttO. 


Iiougii  it  had  originated  at  a 
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Thero  aro  also  k^nses  having  facos  which  firp  siirfaoes  of  t' 
ivliruli'r.s  with  fKinill*-!  jixl's.     A  convex  cyhiKh'ioul  Ions  convcrj 
:i  plane  f»r  sph(;ricul  wave  to  a  lino  focus.     By  means  of  a  convi 
cylintlrica!  lens  :i  wave  that  is  oonvergingc  toward  a  lino  foci 
can  be  brought  lo  convergence  at  a  point  focus.     Tliia  is  the  pi 


F'         a 


Frri.   170. 


cal 


pose  for  wliich  cylindrical  Icn.ses  arc  most  often  used.     An 

matir  eye  causes  light  from  jxiints  of  an  obje<it  to  converge  to 

foci.     This  error  is  corrected  by  eyeglasses  consisting  of  cylindrical 

leases  (Art.  419). 

164.  Change  of  Wave  Front  Produced  by  a  Concave  Lens. — ] 

is  left  as  an  exercisi'  for  ihe  nhident  to  construct  by  Iluyghei 

nielhod  the  wave  front  emerging 
from  ;i  concave  lens. 

A  |iLine  wave  advancing  along 
the  principal  axis  of  a  concave 
lens  made  of  a  material  in  which 
the  speed  of  the  wave  is  less  than 
in  the  surrounding  medimu  will, 
aff^'r  transmission,  Ix'conre  ^_ 
diverging  wave  that  appeal's  m| 
have  originated  at  a  jxiint  on  the 

principal  axis.     This  virtual  source,  F,  Fig.   171,  is  one  of  tJ 

pruicipal  foci  of  the  concave  leiw. 

Lenses,  like  min'oi*s,  iiniiritit  on  a  wave  a  new  curvature. 

It  is  left  as  an  (exercise  for  I  lie  student  to  construct  by  Hui 

ghens'  method  the  wave  front  emerging  frf«n  convex  and  concave 

lenses  mad(*  of  a  material  io  which  the  siK*ed  of  the  wave  is 

than  in  the  surrounding  luediuiu. 


Fiu,  171. 
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166.  The  Laws  of  Relraction. — The  amount  that  a  wjivo  is 
dcviutini  out  of  its  course  wlion  it  pa^sso-s  from  one  isotropic  nuxlium 
to  aiK>tber  will  uow  be  iletenniued.     I^t  DO,  Fig.  172,  be  tlic 
froTit  iif  u  plane  wave  advancing  toward  the  plane  NNi,  separating 
two  tniiLS|xireut  isotropic  inedm.     A-s  cAcb  point  of  the  advancing 
ifpve  strikes  tlie  interface  separating 
Use  two  media  a  disturbance  \s>  there 
set    up    sV^hicli     u*    transmittwl    back 
thniugh  llie  6rst  medium  and  also  one 
Liuit    is  transitiiltetl  foi-^^ard   through 
the    scv'ond    niediuru,     llie    refloeted 
wa\-e  has  l>eon  considered  in  Art.  158. 
Tlip   wave    transmit  te<l    fhixmgh     the 
necond  medium  will  now  be  con.'iidcrcd. 

On  entering  the  second  medium, 
ihe  wave  that  has  t raveled  along  -1 D 
will  be  l>ent  out  of  this  ray.  If  the 
velocity  be  leas  in   the  second   than 

in  the  first  milium,  the  ray  in  thi*  second  medium  will  l>e  bent 
Inwanl  the  normal  t«  the  surface  separating  the  two  media. 
If  Um?  interfiu*e  bt^lween  the  two  media  be  plane,  all  ravH  in  Ihe  first 
medium  parallel  to  JO  will,  iit  this  interface,  bo  Ix^nt  tnw:ir<l  Ihe 
normal  by  the  siime  amount.  Tliat  Ls,  niys  that  are  i>iual]cl  befinx* 
incid^'uce  on  the  interface  will  he  pamllcl  after  rcfrai'tion.  Situ'e 
Llin  interfat*  is  plane  and  the  velocity  in  the  si'ctmd  me<liuni  i.s  utii- 
form,  the  wave  front  in  tlie  second  uiediuni  will  be  plane  and  normal 
to  tlie  refractecl  ray's. 

The  angle  l>etween  the  incident  my  -40  anil  the  normal  to  the 
surface  separating  the  two  media  is  called  Ihe  un^la  of  incifivncv. 
It  will  be  seen  that  the  angle  of  incidence  equals  the  angle  Ix^tween 
the  incident  wave  front,  D(t\  and  the  suifacc  sepaiiiting  the  two 
media.  ITie  angle  l»etw<*en  the  i'(^fracled  my  DX  and  the  normal 
to  the  surface  8e]>arating  the  two  niedia  is  called  Ihe  amjie  of  rvfrnc- 
lion.  It  will  be  seen  that  the  angle  of  ii^fniclifin  equals  Ihe  angle 
between  the  refracted  wave  front  dF  ami  the  surface  M-jmrating  Ihe 
two  media. 

The  ratio  of  the  speeds  of  a  wave  in  two  miKlia  Ls  cidled  the 
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relative  index  of  ref radian  of  the  two  media  for  the  partinilar  wai 
The  absuluk  ijulex  of  nfradion  of  a  tnediurn  is  the  mtio  of  the  s] 
of  the  wave  in  vacuuia  to  the  sjx'ed  in  tlie  given  medium.     If 
speed  in  the  first  medium  Ik?  repres<'nted  by  v\,  an4l  tlte  s|>ee<3  in  tl 
■second  nu'dium  hy  [2,  then  from  definition,  tlie  index  of  rcfrueti< 
of  the  second  medium  relative  to  the  fii-st  is 


^^^ 

Now  since  the  wave  travels  in  the  fii-st  medium  the  distant 
GF  (  =  Da]  during  the  time  t,  it  fcjlhiws  tiuil 

Dtj.  =  v\i. 

DuriiiK  this  same  time  tlie  wave  travels  from  D  into  the  secoi 
UKHliutn  a  distance  Dd  Bueh  tliat 

Substituting  these  values  of  vi  and  V2  in  (113)  we  obtain 

Da 

But  from  the  figure,  Da=^ DF m\  i,  and  Dd^DF  sin  r.     Therefoi 

the  index  of  refraction 


sin  t 

sm  r 


(11- 


Confletjuenlly,  ifw  sirie  of  the  angle  of  incidence  hears  a  cmuttai 
ratio  to  the  sine  of  the  angk  of  refraction.  This  is  called  SncUl 
I>aw  cjf  Refraction. 

It  can  also  l>e  shown  that  \t'hen  both  substances  are  i-solropiCy 
the  refradeA  ray^  the  incident  ray,  ami  the  normal  to  the  refradii 
surface  at  the  point  of  incidence,  lie  in  the  same  plane. 

The  index  of  refraction  of  a  substance  is  differtnit  for  waves 
different  wave-lengths. 


166.  Sound  is  Propagated  by  Matter. — The  word  "sound"  is 
used  in  two  difTerent  senses,  hi  Physics  the  word  i-efei-s  to  the  funn 
of  energy  that,  is  capable  of  prixlucinK  the  sensnti*wi  of  licMririg. 
In  Physiology  and  Psychology  it  is  often  emphjyed  to  inilieute  tlie 
ipiBBtion  itself. 

If  a  l>eU  be  struck  under  water,  a  person  with  his  ears  under 

water  will  hear  the  sound,  even  at  a  ronsiderable  di.^tunee.     If  the 

Ml  and  the  person  be  in  the  air,   the  same  is  tnie.     All  kinds 

oC  matter    propagate 

wnind.      But    if    the 

beU  be  within  a   jar 

devoitj  of  matter,   no 

aoumi  will    be  he^rd. 

•Sound  reqmres mutter 

for  i(.^  prnpagntion. 
167.  Sound    is    a 

Wave    Motion.      A 

tube     -4     (Fig.     173), 

divides     into    two 

branches    B    and    C  Fiq.  173. 

whieh    nmnilc  at   D. 

The  length  of  the  braneh  ACD  can  be  altered  by  drawing  in  or 

out  a  shding  serlion  similar  U)  the  sHde  of  a  trombone.     Attached 

to  D  are  two  flexible  tubes  provided  with  tjjis  that  can  bt»  placed 

in  the  ears.     At  E  and  F  are  slitlitijr  dtK)rH  wliich  can  close  the 

tubes  at  those  points. 
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a  sounuing  nnuiig  ioik  /  uc  luufcu  at  A,  tiip  soiimi  nrai 
the  car  piece,'?  will  tx*  the  siitu  of  the  sKmud  traveling  by  the  pa' 
ABD  and  ACD.     By  iuljusting  the  sliding  section,  a  s<sri«3  - 
|K)silioiw  can  be  found  such  tliat  no  sound  Ls  heard,  while  wiih  the 
sHth*  in  iiU  inlennediate  ptisiiions  sound  is  jwreeived.     If,  \vh4'n  the 
slide  is  in  such  a  position  that  no  sound  Ls  heard,  either  of 
hrancho«  is  dosed  V)y  one  of  the  shding  doorH  E  or  F,  sound  is  heai 
clearly.     This  exfKTiinent  shows  that  although  sound  travels  to 
along  two  ilifferent  paths,  the  resultant  sound  at  D  is  zero.     Thai 
is,  sounds  from  the  two  branches  interfere  destructively  at 
This  shows  that  sound  is  a  wave  motion.     (Art.  153.) 

In  order  that  the  waves  may  continuously  interfere  they  mwsi 
have  the  same  wave-Ien^clli  and  the  eieals  of  one  wave  must  h 
su|K*r|K>scd  on  tlic  troughs  of  the  other.  Tlxis  latter  requirement' 
me^ns  tliat  one  wave  must  be  in  advance  of  the  other  one-lialf  a 
wave-length,  or  some  odd  niiinbor  of  half  wavf-Iengths.  Tims,  in 
tl;e  above  exiH»ruuent,  when  destructive  interfen*nce  occurs,  the 
difference  in  length  of  ABD  and  ACD  is  either  one-half  the  wave- 
length of  the  sound  prmluced  by  the  Inning  fork,  or  some  o(Ul  nud- 
liple  of  this  hidf  wave-length.  Tliis  furnishes  a  method  of  deter- 
mining the  wave-length  of  sound.  In  air  at  ordinary  atmospheric 
temperature,  the  wnve-lcngth  of  sounil  of  the  pit<;h  called  "  midrlie 
C  "  is  about  1.3  motei-s. 

168.  Sound  Waves  are  Longitudinal. — Sound  is  propagated 
by  fiijlidw,  liquids  and  gases.  In  a  gtis  the  only  change  that  develops 
rtwtx>ring  forces  is  change  of  volume.  Shearing  stiv-Hs<'s  cannot 
exist  in  a  gas.  It  follows  that  transverse  waves  cannot  be  prop- 
agated l>v  a  gas.  Conscfjiientlv,  llie  only  waves  that  can  he 
l>it)pagated  by  a  gas  are  longituiUiuil  waves  of  compression  and 
rarefaction. 

Soutul  is  a  longitudinal  w:ivc  nKition  consisting  of  altermiting 
conipressions  and  rairfnctions.  The*  distance  between  any  |M*int 
of  a  wave  and  the  next  point  that  is  in  the  same  phase  is  the  wave- 
length. For  instance,  tlie  distrim-e  betwcM^n  two  succeeding  max- 
ima i»f  conjpression  is  a  wave-length. 

169.  Pressure  Curves.-  Suppr^se  that  a  sound  wave  is  advani 
ing  in  the  direction  AB^  Fig.  174.     At  various  points  on  this  Una^ 
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erect  perpendiculars  of  a  length  proixirlionai  to  the  pressures 
thiist*  |K)ints  at  a  j<ivoii  moment.  I^t  (iistanccs  ]iU)V(»  ihv  rixin 
represent  i;ouipn:«sion  uihI  iiistaiices  below  rarefaetioii.  The 
<njn'c  drawn  through  the  end  points  of  these  ordiftatcs  is  called 
the  pn-sisiire  rur\'e  nf  the  Riven  sound  wave.  If  the  sounding  hody 
is  Nnhrating  with  simple  harmonic  motion,  the  pressure  curve  will 
bra  lianiionic  curve  and  the  sound  is  said  tobea  hnrmonicwave. 
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In  the  same  nuinner  we  can  const  nut  (li.spUiri'ment  curvcH  and' 
veUxTtty  curves.     Any  one  of  these  three  curves  may  he  railed  the 

170.  Superposition  of  Sound  Waves.— If  two  waves  i^f  llio  .^ni9 
Idnri  traverse  the  same  reKJori,  the  motion  of  ihe  medium  will  l>e 
the  resultant  of  the  two  component  waves.     If  in  hoth  comrKjnenta, 


Kiu.  175. 

displaeements  of  the  particles  from  their  ptjiiilibriiim  position  arc 
proportional  to  the  restoring  force,  the  oiiliiuitc  at  any  point  of 
the  nwullant  pressure  cui'\'e,  displuL-ement  (■ni'\'e,  or  velocity  ciu*ve, 
equals  the  Riini  of  the  ordinate?  at  the  given  point  of  the  corre- 
sponding curves  of  tlie  comixMient  waves.  This  is  called  tl 
Principle  of  SufK-riiosition  of  Waves. 

For  example,  the  heav>'  line  in  Fig.  175  rcpi*esents  the  pressui 
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curve  which  is  the  resultant  of  the  two  component  pressure  curv« 
represented  by  the  light  linrs. 

171.  Resonating  Air  Cavities. — If  a  souiuiiiig  tuning  fork 
placed  in  succession  over  the  mouths  of  a  number  of  empty  bottles 
of  different  shai>es  and  sizes,  some  bottles  will  U-  foimd  that  will 
strongly  reinforce  the  sound  of  the  tuning  fork.     B\'  pouriij^^ 
water  into  one  of  the  larger  bottles  which  when  empty  did  nd|H 
pnxiuce  remforcenient,  it  can  be  caused  to  reinforce  the  wiund  of  a 
given  fork.     If  this  bottle  be  now  tilted  so  that  the  shape  of  t] 
empty  part,  is  changed  the  reinforcement  will  not  l>e  altered. 
the   moulh   l>e   jiartly   ck)se<i,    the   i-einforcement    will   ceii.-^e.     K 
thus  apix'jtrs  that  reinforcement  rlepends  not  uj>on  the  sluipe  h\ 
upon  the  volume  of  the  cavity  and  upon  the  size  of  the  open 
into  it. 

The  cause  of  the  reinforcement  when  the  area  of  the  openii 
is  small  and  the  volume  of  the  cavity  i.s  large  will  now  be  coi 
eidcred.     A  pulse  of  air  entering  the  cavity  inci-eases  the  pressure  of 
the  air  itistde.     l"'his  increa.st*d  pressure  causers  an  outward  flow. 
The  inertia  of  the  outgoing  air  causes  the  flow  to  continue  until 
the  prcKsure  without  the  cavity  is  ks«  fhan   normal.     Another 
inwani  flow  is  set  up,  and  the  same  series  of  movements  is  n?i>eated. 
The  time  of  one  cycle  of  movements,  that  is,  the  period  of 
vibnition,  dep^-ndsupon  the  volume  uf  the  cavity  and  uixm  the 
with  which  the  air  pa-s-scs  in  and  out  of  the  a|x^rttire.     If  the  peri< 
of  the  sound  in  front  of  the  aperture  is  nearly  equal  to  the  natural 
|KTi<Mi  of  vibration  of  the  air  within  Ihi*  cavity,  n^sonance  will  be 
produced  (Art.  144).     This  re-sonam-e  is  the  cau.Hc  of  the  r(»inforce-_ 
mcnt  of  the  sound.     The  pitch  to  which  a  cavity  responds  is  rai 
by  either  decreasing  the  volume  of  the  cavity  or  increasing  the 
of  the  ai>erture. 

The  case  considered  in  this  Article  is  that  in  which  a  mass  of 
within  a  cavity  is  alternately  compressed  and  rarefied  with  very"" 
little  motion  of  the  air  particles.     It  Is  quite  diflferent  when  motion, 
is  imparted  to  the  |)article«  of  a  <io1umn  of  air.     In  Art.  188  it 
shown  that  the  periml  of  such  a  cohmiii  of  air  depends  upon  the' 
length  fif  the  ccihnmi. 

Helmholtz  analyzed  complex  sounds  by  means  of  resonatoi 
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PITCH.  LfJlIDNESS  AND  l^UALITY 

He  U3pd  resonators  of  fixed  volume,  A,  Fig.  176,  liiiving  a  defi- 
uite  known  frwiuency,  and  also  others  of  variable  volume,  B, 
Fig.  176.  whose  frequency  could  be  atljusted.  To  show  when  a 
nsuoator  responded  he  attached  to  each  a  "  inanornotric  capsule/' 

C,  «>Dsisting  of  a  small  Ixix  dividt^  irjtx>  two  comparlnienta  by  a 

tliin  rubber  partition.     lUununatinji;  gas  enters  the  compartment 

not   connected    to     the     i*esonator    and 

escapes  from  a  small  burner.     When  the 

air  within  a  resonator  is  set  into  vibra- 
tion, the   diaphnigni    moves    hack    and 

forth,  and  tlie  giis  flame  jiunps  up  and 

down.    The  vibration  of  the  gas  flame 

may  be  rendered  evident  by  means  of  a 

slowly  rotating  four-sided  mirror  M.     If 

the  mirror  be  rotated  when  the  gas  flame 

is  stationary,  a  streak  of  light  is  seen  in  ■ 

tile  mirror:  when  the  flame  ia  vibrating,  a 

row  of  saw  teeth  is  seen.    By  substituting 

for  Ihe   rotating  mirror  a  camera  with 

moving  film,  a  pennanent  record  can  be  obtainejj   and   the  fre- 

(|uency  of  the  i-esonator  detennined. 

In  using  this  method  for  di-lprnuoinj^  the  fnMjucncies  of  the 

romi>unenta  of  a  complex  sound,  the  sound  is  |>rxKluccti  in  front  of 

II  large  number  of  resonators  of  iiifforcnt  [M^iods.     T'he  periods 
of  the  resonators  which  are  set  into  vil>ration  are  the  peri<xis  of 

the  coiT»poiient  twines  of  the  comj>lex  note. 

172.  Characteristics  of  Sound. — Supp^ise  a  card  be  held  against 
the  «lgi»  of  a  revolving  toothwl  wliccl.  The  card  will  vilirnte  as 
majiy  times  as  it  is  struck  by  a  tootli  of  the  wheel.  When  stnick 
lem  frequcmtly  than  about  30  times  per  second,  one  hears  each 
separate  blow.  When  stnick  more  frequently  than  this  iiunil:)or, 
one  hears  a  continuous  note.  If  the  sjx^ed  of  the  revolving 
wheel  be  gradually  increased,  thereby  inci-easing  the  frecjuency 
of  vil>mti{m  of  the  curd,  the  pitch  of  the  snund  will  iK'come  liigher 
and  higher.  Whatever  lh<'  source  of  the  s<nuul,  it  is  fount!  tliat  for 
the  same  pitch  the  sounding  body  makes  the  same  number  of 
vibrations  per  second.     Whence,  in  sound  waves,    pitch   corre- 


Fro.  176. 
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Rponds  to  frequency  of  vibration.  When  the  frequency  exceeds 
al)out  20,000  vibrations  per  second,  no  impression  is  produced  on 
the  human  ear. 

Toothed  wheels  may  be  used  having  either  small  or  large 
spaces  between  the  teeth.  But  so  long  as  the  card  is  struck  the 
same  number  of  times  per  second,  the  pitch  of  the  sound  will  be 
the  same.  It  is  quite  otherwise,  however,  with  the  loudness. 
When  the  amplitude  of  vibration  of  the  card  is  great,  the  loudness 
will  1)0  greater  than  when  the  amplitude  of  vibration  is  small. 
This  illustrates  the  fact  that  the  lou<lness  of  sound  Ls  a  function 
of  the  umphtude  of  vibration.  It  <;an  Im»  shown,  though  the*  pro<>f 
will  not  here  be  given,  that  loudness,  or  sound  intensity,  is  deter- 
mined by  the  square  of  the  aniplitude  of  the  sound  wave.  It 
might  here  be  mentioned  that  it  is  found  that  the  int^onsity  of 
the  impression  produced  on  the  organ  of  hearing  is  not  proportional 
to  the  loudness,  but  to  the  natural  logarithm  of  the  loudness. 

It  is  a  matter  of  conmion  observation  tliat  notes  even  of  the 
same  pitch  and  loudness  produced  by  different  sorts  of  instruments* 
do  not  produce  the  same  impression  on  the  car.  That  characteris- 
tic of  sound  which  causes  notes  of  even  tlui  same  pitch  and  loudness 
to  pixKluce  different  impressions  on  the  eoir  is  called  quality.  By 
means  of  resonators  Helmholtz  found  that  most  sounds  are  not 
due  to  pure  harmonic  wave  motions,  but  are  due  to  the  resultant 
of  scv<»ral  harmonic  waves  of  different  i)itch  and  loudiu'ss;  and 
that  two  sounds  of  different  ciuality  consist  of  different  com- 
jHjnents.  By  setting  into  simultan(»ous  vibration  tuning  forks 
having  the  fre<iuencies  of  the  r(nw)nators  which  respond  to  a  given 
sound,  he  found  that  the  given  sound  could  be  matched  in  pitch, 
loudness  and  quality.  Hence,  quality  is  a  matt<;r  of  the  frequen- 
cies and  amplitudeij  of  the  components  of  the  sound. 

Each  of  the  comjwnents  of  a  complex  note  is  called  a  Ume. 
The  wave  or  tone  of  lowest  pitch  is  called  the  fundiunental.  The 
accompanying  waves  or  tones  of  liigh  pitch  arc  called  oi^rtonea. 
Overtones  whose  frequencies  are  exact  nuiltiple^  of  the  fundamental 
are  called  harmonics.  The  overtones  protluced  by  musical  instru- 
ments are  hannonics.  The  difference  betwetm  a  note  produced  by 
a  piano  and  the  same  note  produced  by  a  comet  is  due  to  the 
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harmonir  ciin'^es.     Thp  HifFrirnc**  in  form  is  dnp  solely  to  the  ph 
difference  Ijetweeii  the  component*.     Notes  represented  by  the 
three  resultant    curves    produce    the    same    iniprcsHion   on    t 
ear.     Quality  is  not  a  nmtter  of  wave  form  but  of  the  particu 
components  in  the  wave. 

To  sum  up:  Pitch  is  det<?rmined  by  the  frequency  of 
fundamental  wavi^;  londne.sA  by  the  square  of  the  ampliturle  of  the 
itisuhant  wave;  quality  by  the  waves  superposed  on  the  funda-. 
mental.  | 

173.  Determination  of  Sound  Direction  by  Binaural  Hearing. — 
A  sound  eiUuT  din'rlly  in  front  of  or  diri'<Mly  hehinit  a  jxr-soii  pro- 
duces a  different  impression  than  a  sound  to  one  side.  This 
dtie  to  the  fact  (hat  in  the  latter  ease  the  soirnd  reacht^s  the  I 
ears  in  diffi^rmt  pliases,  and  also  to  the  fact  that  the  loudness 
slightly  different  at  the  two  ears  on  account  of  the  head  partially 
screeninpf  r^ne  car.  Our  estimation  of  the  direction  of  .sound 
depends  partly  n\nni  the  difference's  in  the  phase  and  partly  upon 
the  relative  loudness  of  the  sounds  entering  the  two  ears.  j 


One  methud  fur  wuniiiig  »hii>B  againBt  danger  of  rocks  and  collision  depends 
upon    these    farl.s.     AlUtihed    t«    the  inside  of  the 
hull,  bt'low  the  water  line,  are  two  iron  boxes,  one 
on  either  side  of  the  bow,  Fig.  178.     Each  box  is 
fUlcd   with  wat4^r  and  contiiina  n  telephone  tniiui>^^ 
milter    eo;ineeted    to    a    separate  reeeiver  on  thl^H 
ofliei^r'fl  bridge      When  the  ship  is  pointing  toward^^ 
a  »ubinerg<-d   Ntiinding  bHl   an  obeterver  with   the 
(wo  receivers  at  his  ears  will  |M*r(eivc  equal  p<-iuih 
When  the  whip  is  |Hiinting  to  one  .side  of  the  sii 
mergeij   Ix-jl,    the   wmnd    frf)m    the    trantsmilter 
the  side  (dward  the  source  will  be  louder  than  tli 
from  the  other. 


Fiu.  178. 


If  a  person  turns  his  head  from  one  side  of  the  hnc  of  direelioi 
of  a  :^und  source  io  the  other,  he  will  have  the  inipi-eiisiou  of  aoiuu? 
fii-st  in  one  ear  and  then  in  the  other.  At  the  inon^enl  when  lh( 
Hound  seenis  to  ehaiige  from  one  ear  to  the  other,  the  lira*  joining 
the  two  enrs  is  perpendicular  to  the  line  of  direrlion  of  the  soun< 
The  depre<*  of  j)r<MMsion  in  lo<'atin^  sound  diieetion  would 
greater  if  the  distance  between  the  ears  were  greater. 
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Thi«  binaural  etTect  it»  the  baais  of  T&rious  acoustic  Roniometcre  used  in 
deierting  hihI  Uimtiiii.;  inviHiblf  Hubnmrines  and  aeroplont^H  For  submarine 
work,  a  temple  furm  mnsisLs  of  two  rubber  bulbs  A 
*nd  .4\  Fig  179,  eiwh  iMiimivtod  lo  u  lube  ^  or  i5' 
that  can  tic  inscrt^xl  into  the  e:in<  like  thetjlellioscope 
OBcd  by  physicians  in  listening  to  the  sound  of  the 
bmrt  ftnd  lun^  The  rceeiving  bulbs,  separated  by  a 
difft&nce  of  about  6  feet  are  mounted  in  a  T-shaped 
&BJnc  capable  of  nitation  About  a  vertieal  axis.  Sound 
fnMn  the  (nibmarine  traverscH  the  w«ter.  strikes  the 
two  ftiibnu*rged  receiving  buIbH  and  is  tmnamitted  to 
the  iw**  cftre  of  the  listener  on  the  derk  of  the  chaser. 
B>'  rutating  the  appnratus  luuk  and  furlh  aUmt  u 
vertieaJ  axis.  tl>e  position  is  found  in  whith  the  rross- 
arm  AA'  is  perpendicular  to  the  hne  of  (.lirrrtion  nf 
the  aound.  Fici.  170. 

Instead  of  turning  the  ap|>arutus  Uick  and  Torth, 
the  Rume  effert  ran  be  obtained  wlwn  the  :ip|>anLtus  is  stationary  by  increas- 
ing and  deoreanng  the  length  of  one  of  the  tutres.     The  direction  of  the 


Fm.  180.    ' 

irce  from  I  tie  line  of  the  arms  of  the  7'  Ih  then  indiente<l  by  the 
in  the  Irngttis  of  ttie  tutH«  when  the  .viunt!  apiir-ars  U*  rliange  from 
one  OkT  it}  lh»'  other  oti  increasing  and  dwereasing  this  difFen^nee. 

Onr  form  of  acoustic  goniometer  for  locating  invisible  aeroplanes  is  tllui;- 
tnt«il  in  Fig   180. 


m 
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174,  Sound    Ranging. — Durina    the   i-crent    World   War  sevfind    highly 
iiArriil  iti(»rlio<ls  wore  «ii'Volo|M'tl  ftjr  t.hfr  hx-atiori  iif  itivi.-iihlft  sciun<i  stmrt-es. 
'Hie  met  hod  of  lucttUng  lur^^v  guiia  from  tbt;  tiuuDii  of  the  discharge  wilt  now 
hriefly  outhne<l. 

Suppojto  thai  i\  disrliiirgo  of  li  pin  sonM-wherc  ntvir  -4.  Kig   ISl,  80iida  oi 
wttvea  in  all  directions  with  the  sjkhhI  r,     SiipfKJsc  tluit  an  ob(«'r\'cr  ut  aaj 

convenient  Htation  is  provided  with  inftti 
ments  which  record  the  instants  iit  whit 
the  i(nund  of  the  discharge  rc^iehcs  Ihi 
|K)iiit-H  /i,  (\  aiul  D.  Ij<'t  the  iiit*Tviil  of  tin 
fnitn  the  rnompnt  when  the  sound  n^i: 
B  and  when  i1  reaelio;  C.'  he  dcnottHl  hy  /i, 
^-^^^        ^^,  •.       and  tin-  itilervjxl  from  the  niomeiit  when  the 

f  y^    Tj       f  1      Hound  reiU'h(»R  /i  imd  wlien  it  n%*iehes  1)  t»e 

denotinl  liy  ti.     Then,  the  j*otlref  i:i  farthta 
from  C  thnii  from  li  by  u  diHtanee  Xi 
tmd  is  ftirtJier  fiuiu  f)  tltiui  from  ii  by  a  <li] 
lancM*  XT=t*ti. 
On  tlie  map.  with  C  an  a  eenler.  cleseribe  a  cirele  of  mditis  Xi]  and  with  0' 
a.s  center  desi-ribe  a  circle  of  rutlius  j-,     Frrun  the  construction,  ihi*  fioiuul 
source  must  Ix'  e(|unlly  diHtjint  from  B  and  froin  these  two  cirolns      There- 
fore, it  muflt  hi*  ut   the  center  of  a  cintU:  pa-ssing   through    B   ami   tungnnt 
to  these  eircles.     The   souree    can    now   b6  located  by  simple  gcometrif 
rnethodH. 

In  one  methwl  of  notmd  ranging,  the  sound  is  received  at  B,  C  mid 
on  lliu  diui)hmgiti(s  of  Iurg((  telephone  triuitmiitter^.  Wires  from  these  tmna-^ 
mitt'prR  exl4Mid  lo  the  central  station  and  eonnw^t  to  highly  sensitive  galvan- 
ometers pntvidttd  with  devices  h)r  recording  the  vjiriiitionn  of  uir  preasurt? 
acting  on  the  trnnsmitti^rs.  Since  tiifTerenl  grnis  give  charact^riMlic  presituiv 
variational,  it  i:^  poHsible  to  identify  the  record  made  by  the  particular  RUO^H 
dcMinHJ .  ^^ 

175.  Doppler^s   Principle. — If   one   stands   beside   a    railway 

track   while   ii   rupidly    iiuivinu;   whistling  locomotive   is   p*t8sin| 
ho  will  (»l>s<^TV('  tlml  at  \hv  tnoinriit  of  juussiiij^  llicrc  i.s  a  loworii 
in  tlu^  pitch  of  the  wlustlc.     Tlioiigh  not  so  readily  observed, 
is  also  true  that  to  a  stationary  observer,  the  piteh  of  the  whietl 
of  a  .stutionury  loeoiuo(ive  is  lower  than  the  pitch  of  ihe  sjirn 
whistle  when  the  locomotive  is  approachinp  the  observer,  and 
higher  than  the  pitch  \\\wn  the  locomotive  is  departjni^  (uym  the 
obfWTver.     The  rnodifirulinn  in  (he  fre<pK'iK*v  of  a  wave  i>r(Klueed 
by  motion  of  the  tK)iirce  ix'lative  to  the  receiver  is  eaUeW  DoppJcr's 
Principle. 
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rvnilily  fnniid 
.s<M'oii(l  tniuie  by 


The  x'alue  of  the  chan(t<'  in  the  fro<|iiency  can  1h 

follows.  I>*t  ih*'  uuiiibiT  of  vibrulior»s  jht 
Uie  source  be  represented  by  n,  and  the  number  of  vibrations 
per  second  re(reivr<i  by  tlie  ol)serv(T  liy  no-  I^et  the  veioeity, 
n-lative  to  the  earth,  of  the  wave  in  a  stationary  niwiiuni  t>e  repre- 
spiiti'd  by  v;  that  of  the  medium,  relntive  to  the  earth,  })y  r«;  that 
of  Uie  olie*erver  by  iv,;  and  that  cif  the  source  by  r«  all  veloc- 
ities bring  meaaured  in  tiic  direction  from  the  Hourec  to  the  <>b- 
ser\*er. 

The  vehK'ity  of  the  wave  relative  ii\  the  enr(h  in  a  medium 
cnovin|r  with  velocity  i?„  toward  the  obst^n'er  r<|uals  v-j-Vm.     Wlu'ii 
the  souree  is  moving  toward  the  observer  with  veUxrity  r„  the 
veioeity  of  the  wave  relative  to  the  source  is  v-{-Vm  —  Vg. 
Whence,  tht*  wave-length  is,  (110) 


r-f  t-M-w, 


^^^■Aicain,  the  velocity  relative  to  the  observer  Ls  I'-f-Cm  — "n. 
^^^Buently,  the  frequency  at  the  observer  is 

r     176. 


no 


velocity 
friMjuency 


[_     velo(Mty     I 
wave-lengthj 


''+"« 


V9 


V-^Vm  —  V^ 


(115) 


Con- 


(110) 


176.  Reflection  of  Sound.— At  n  ptiint  where  there  is  n  sudden 
I      change  of  the  restoring  force  acting  ini  a  wave,  part  of  the  energy' 

■  of  the  incident  wave  will  be  retleeted  (Art.  152).  The  enerK>' 
Kdhhftt  is  not  reflected  will  be  either  absorbed  or  transmitted  by  the 
^Bftedium. 

■  A  sound  wave  trtivelinK  alonK  the  air  within  a  tube  moves 
with  k^ss  ejwt!  than  in  the  fn-e  air.  CV)nHe<|uent!y,  on  renching 
the  end  of  the  lube,  or  an  abrupt  eii]arjj;4'ment,  the  wave  will 
8Udd(*nly  expand  and  part  of  the  energy  will  Im»  wnt  back  as  a 
reflect^  wave.  At  a  sudden  constriction  in  a  tube,  reflection  will 
alao  oeeur. 

Tlie  laws  of  reflection  of  waves  have  ahrady  been  derived 
(Art.  158).     On  account  of  their  great  wave-length,  sound  waves 


I 
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bend  arountl  the  I'dgoa  of  obst-aclcs  to  such  an  extent  that  niij 
and  lenses  for  sound  must  be  of  ver>'  great  size. 

Wlieii  a  wave  goeti  from  one  medium  lo  another  in  which  1 
restoring  force  is  much  different,  nettrly  all  of  the  energy'  will 
reflected  and  only  a  small  i>art  will  enter  the  second  medium.  I 
this  reason,  between  water  and  air,  or  Ix-^twcen  a  metal  and  air, 
the  reflection  of  sound  is  nearly'  eomplele.  WTieu  a  sound  is  pr^^ 
dueed  under  water,  by  a  submarine  for  examj^le,  almost  no  souo^f 
emerges  into  the  nir.  Also,  when  sound  is  produrt^l  in  the  air, 
almost  no  sound  entei*s  the  water.  A  fish  is  not  tlLsturlxni  bj'  th^^ 
noise  of  conversation  in  a  boat  but  is  frightened  by  tlie  noise  prd^| 
dueed  by  the  scuffliTig  of  feet  on  the  bottom  of  the  boat.  The 
propagation  of  sound  long  distances  througlx  six-aking  tubes  b  du( 
to  the  nearly  complete  reflection  at  an  air-metal  surface.  Ft 
the  same  reason,  sound  cnn  be  heard  a  nnich  greater  distance 
shallow  water  than  in  cither  deep  water  or  in  the  open  air. 


I 


Sup[X)8e  that  a  moving  Bubiuarine  is  at  A^  b«low  the  air-water  suifara  XZ, 
Fig.  182.     Sound  will  travel  from  A  U>B  along  the  path  ABnnd  also  Along  the 


Km.  182. 

IMith  A  VB.     Since  the  speed  of  sound  in  water  ia  greater  than  in  air,  there 
be  reflection  at  the  intorfare  with  lotvs  of  n  iialf  wave-length  (Art.  132).     Ji  fol- 
lows tliat  if  the  Urngth  of  the  two  putha  AB  und  A  YB  were  equal,  all  wavfi^H 
traveling  these  path.s  would  arrive  at  B  in  eondition  to  produce  total  dot<tni^^| 
tive  interference,     liut  the  lengtlw*  of  the  two  iiaths  bt»iiig  iinpquni,  the  inter- 
ference at  B  will  mil  he  total  except  for  waves  of  particular  wave-lengths. 
There  will  be  t^itid  dttitruetive  interference  only  for  waves  of  wave-length 
X  such  that  X.  2X,  3X,  etr  ,  equals  the  difference  in  path.     Waves  of  all  o 
lengths  will  produce  Hound  at  B. 

When  the  difTcrenre  nf  path  produce*  a  phase  difTcroncc,  the  direct  and 
refleet«l  wave  will  not  totally  interfere  at  B.    The  loudness  int-reusea  with 
phaKC  difference  wliirh  Ls  due  to  difference.'  of  path.     Wlicn  the  distanoe 
v&  greail,  the  phase  difference  at  B  is  greater  for  short  waves  than   for  longer 
waves.     Consi'iiuently,  if  a  distant  submarine  pn>dur»^  vibrations  of  varioi 
frequenrien,  the  shorter  wavw  will  be*  more  prominent  at  B.     When  the 
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tAiKv  AB  w  leas,  the  phase  iJifTeronoo  nt  R  w  gnnitest  for  loriRer  waves.     In 
tikia  case  Ihe  lunger  waves  will  be  more  pruuiiuent  in  the  suun<l  lujnrd  at  B. 

Tbei^fore,  when  the  distance  between  a  submarine  and  a  listener  is  chang- 
n^  the  pitch  and  quality  of  the  observed  sound  will  change  Aa  a  aubmarinc 
approaches,  tt^  |utcb  1)e('ome8  lowtT. 


1T7.  Reflection  of  Sound  at  the  End  of  a  Pipe.  -  If  the  end  of 
a  pipe  be  closed  b}"  u  solid,  sound  waves  will  here  be  leflected  witli- 
out  change  in  sign  of  the  condensation.  At  a  solid  end  a  conden- 
aaiion  will  be  rejected  as  a  condensation  and  a  rarefaction  will  be 
reflected  as  a  rarefaction. 

If,  however,  the  end  of  the  pipe  be  open,  a  pulse  of  either  con- 
densation or  rarefaction  on  emcrKing  into  the  free  air  will  meet 
with  less  opposition  to  motion  than  within  the  pipe.  On  emer- 
gence the  spcwi  will  be  greater  than  when  wilhin  tlie  pipe,  Con- 
seiiuently,  there  will  be  reflerlion.  At  the  ofjcn  end  a  conden- 
sation will  be  reflect<»d  as  a  rarcfaetinn,  and  a  nirefaction  will  be 
reflet^ted  as  a  condensation. 

178.  Echoes  and  Reverberation. — Sound  waves,  in  air,  are 
Dot  only  reflected  by  mountains,  building?  and  other  sohd  objects, 
but  also  by  clouds  of  water  vapor,  and  layers  of  either  cooler  or 
imner  air.  The  repetition  of  a  sound  in  air,  caused  by  refiention, 
B  called  an  echo.  When  the  sound  Ls  reflected  many  times,  we 
have  a  multiple  echo.  Thunder  is  the  multiple  echo,  due  to 
Wflection  from  clouds  or  m«ninl.-iiMs,  of  the  sctund  pro<luce<l  by  Ihe 
Ridden  collapse  of  the  electrically  heated  air-column  constituting 
a  lightning  flash. 

A  multiple  echo  in  which  Jhe  individuid  erho<\s  follow  one 
another  so  clowt»ly  thiit  tlu^y  cannt»t  Im'  sriwinit^^d  by  the  ear  is 
called  a  reverberation.  When  the  distances  between  the  reflecting 
nhje<'1fl  are  great,  the  individual  echiH^s  are  sejHinile.  But  when 
the  distances  are  small,  reverlx-ration  occurs. 

An  auditor  in  a  large  auditorium  receives  from  the  source  three 
trains  of  sound  waves — one  dii-ectly  from  the  source,  a  second 
after  reflection  fnnn  some  large  flat  or  curved  surface  of  walls  or 
ceiling,  and  a  third  due  to  multiple  reflection.  The  second  may 
give  dL*<tinct  echoes,  and  the  third  may  give  rise  to  reverberation. 
The  eJUBi^nGC  of  echoes  or  reverberation  renders  hearing  difficult. 
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In  order  that  an  niulitoriiim  may  bo  acoustically  satisfactoi 
(«),  there  must  Ix*  no  pch«»o.s;  (6),  any  reverl>cration  must  be  of  sm 
brief  ihinitiun  Hia.t  a  sylhible  received  after  reflection  shall 
ol>scuic^  (lie  following  syllable  received  dia^ctly  from  the  speaki 
ExiH'rirnents  show  that  if  the  duration  of  the  reverberation 
greater  thtin  nne  second,  a  speaker  must  articulate  slowly,  di 
tinctly,  and  without  too  much  energy,  or  he  will  not  be  undc 
stood. 

The  duration  of  the  reverberation  depends  upon  the  volume 
of  the  room,  together  with  the  absorptive  ]k) Wei's  of  the  sides 
the  room  and  of  the  audience.     From  an  elaUmitr  series  of  63 
ments  Sal>iue  has  found  that  the  duration  of  reverberation  may 
exprciiKed  by  the  equation 


where  I'  i-epreseiits  the  volume  of  tlie  room;  a  is  the  absorpti 
power  of  the  empty  room ;  h  is  the  absorpi  ive  i»wer  of  t  ho  audience 
and   C  is  a  conslnnt   de|X'nding  uixin   the  pitch,   loudness   ani) 
quality  of  the  original  sound  together  with  the  intensity  of  the 
reverberation.     For  the  average  human  voice,  in  a  large  number 
auditoriums,  the  constant  C  has  a  value  of  about  0.17, 

Many  halLs  that  are  acoustically  tpiitir  i>oor  when  ejnpty 
entirely  satisfactory  when  filletl  by  an  audience.     Halls  that 
acoustically  uusaiisfactory  can  lie  greatly  improve«i  hy  cnverii 
the  ceiling  and  all  the  walls  except  iM'hind  t  h<'  s|waker  with  sound 
absorbing  ruMlerials  such  as  dnqHTics,  rlu(h,  IVlt  and  ju-^liest^KS.      ^M 

Soft  porous  materials  are  our  best  stuuni  :ihsorl>ers  or  soun^^ 
dcadeners.     Their  effectiveness  is  due  partly  to  tlieir  low  elas-ticity. 
and  partly  to   the   diunping   prr>ducc<l  by  the   friction   offered  to 
the  passage  of  waves   that  are  long  relative   to   the  size  of  the— 
apertures.  H 

179.  Beats,— If  tw<i  sound  waves  of  fivquences7ii  and  na  vibra- 
tions per  second  travel  tlie  same  path  in  the  same  direction,  theo. 
<luring  on<>  second  the  two  waves  will  be  in  the  same  phase  (nj  — n^^H 
times.     That  is,  dminp   one  second  of  lime,  the   intensity  of  th** 
resultant  sound  >vill  rise  to  a  maximum  and  fall  to  a  minim 
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(iii— n*)  times.  If  the  difference  of  freciuency  be  gjcat^r  tlian 
about  30  per  second,  the  vuriations  of  intensity  are  iiidistinpiuLnti- 
able  by  the  ear.  We  then  have  a  note  of  constant  ioiulness.  If 
the  difference  of  frequency  be  between  10  and  30  jxr  second,  the 
note  is  rough  and  harsh.  If  the  difference  of  frequency  Ix*  le<sM 
than  about  10  per  second  we  have  a  note  that  rises  and  falls  in 
loudness.  The  maxima  of  loudness  arising  from  two  notes  of 
nearly  the  same  pitch  are  cidled  heaU. 

In  the  lower  i)art  of  Fig.  18;i  the  light  Unes  represent  the 
displacement  curves  of  two  waves  of  nearly  the  same  fit'cjuency. 
The  heavy  Itne  Ls  the  resulLanl  difiplacement  curve.  Tiic  line  L 
repreeeDts  the  variations  in  the  loudness  of  the  resultant.  Hf>und. 


Fio.  183. 

The  ordinary  method  of  determining  thoi  difference  belwi'm  the  freqnencioa 
of  two  notes  of  nearly  tlie  same  pitcti  is  to  count  the  tmintier  uf  Ijeats  which 
occur  per  second  when  the  iwo  notes  are  wnnuif^l  together  A^iin,  two  notes 
may  be  brought  into  unison  by  vu^>^ng  the  jjittli  uf  <jne  till  there  are  no  beats 
when  the  two  ore  suunded  to^other 


180.  Refraction  of  Sound. — Wlienever  a  wave  goes  from  one 
medium  to  anotlier  in  which  the  speed  is  different,  the  curvature 
of  the  wave  front  is  changed  (Art.  102).  ALsi>,  exeei)t  when  the 
incidence  Ls  normal  to  the  interface  separating  Ihe  two  me<lia, 
the  direction  of  the  wave  is  changed  on  entering  the  second  meiliiim. 
Sound  olieys  the  or<linary  laws  of  n-fraclioii  (Art.  155). 

Since  the  8|>eed  of  sound  in  warm  air  is  gjt^ater  than  tn  cold  air, 
refraction  will  occur  when  sound  goes  from  air  at  one  temperature 
into  air  at  a  diffei-ent  temp(?raturc. 
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If  air  be  at  rost  and  of  uniform  tempfTftture,  the  wave  front  of  sound 
a  point  source  will  be  »phorieaI.     Fig   1S4  illustrates  the  propagation  of  s 
from  a  point  source  *?  at  th(^  surface  of  iho  ground.     Air  Inking  Lsotropic,  the" 
encrgj*  wiJl  l)f?  prapiiguted  in  directions  normal  tu  the  wave  fruntjs.     Sound 
will  tnivei  alouK  the  surface  of  the  ground  aa  in  other  directions.  ^M 

The  air  at  the  surface  of  the  earth  ia  usually  warmer  than  at  higher  alti^V 
tudes.  In  this  case  the  speed  of  ii*ound  is  greater  at  the  surface  of  the  earth 
tlian  at  higher  altitudes.  In  still  air,  sound  from  a  point  source  will  have  wave 
fronLe  oa  illustratpd  hi  Fig.  185.  At  the  ground,  the  wave  fronte  will  be 
inclined  to  the  vertical.  And  since  the  direction  of  propagation  is  normal  to 
the  wave  front,  the  direction  of  proE>agation  at  the  grtnind  will  not  t>c  hohum- 
tal,  but  will  be  directed  upward.     That  is,  when  the  air  at  the  ground 


Fia.  1S4.  Fio.  185.  Pio.  186. 

warmer  than  the  air  at  higher  altitude**,  sound  docs  iwt  travel  far  along 
surface  of  the  ground,  but  is  deflected  upward. 

In  the  evening  after  a  hot  day,  the  heated  ground  soraetinies  lost%  heat 
rapidly  that  the  air  near  the  ground  beeomcfl  ciHiler  tlmn  the  air  at  higher 
altitudes.  When  this  eoiiditi<in  occurri  and  the  air  is  still,  sound  will  Iravcl 
more  slowly  near  the  gnjund  than  in  tin-  n*gion  alxive.  The  wave  front*  due 
i-o  a  point  source  will  then  have  ftirms  Konietlung  as  representee!  in  Fig  iHrt. 
Since  the  direction  of  propagntian  i."*  nonnal  Ui  l\\v  wave  front,  S4>und  from 
pointsabove  the  earth  will  Ih!  <lefleelcd  downward.  On  a  lake  or  on  level  land 
after  a  hot  day  one  ufUn  retiuirka  the  great  distances  that  sounds  arc  distinctly 
heard. 


181.  Effect  of  Wind  on  the  Fonn  of  Wave  Fronts  of  Sound 

In  still  honiog:oneoiis  air  over  smooth  ground  the  wave  fronts 
sound  from  a  ix>int  soDrec  arfTsplwTical.     Where  there  is  a  hori- 
zontal wind,  tho  Hjx^ed  of  sound  relative  to  the  earth  is  diminished 
in  the  direction  opposite  to  Ihe  winrl,  and  inrroased  in  the  direeti 
with   the   wind.     Agaiiu   at    hijccher   aitituch'S  wind   moves   nio 
rapidly  tlian  at  lower  altitudes.     C'onsoiiuently,  where  there 
horizontal  wind,  the  wave  frouls  of  sound  from  a  point  source 
distorted. 
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On  the  windward  j?ide  of  a  sound  sonrcc  (TT,  Fig.  1S7),  the 
speed  of  the  sound  being  greater  at  the  grnund  than  at  higher 
altitudes,  the  wave  fronts  near  the  ground  are  inclined  to  the 
vertical.  And  since  the  dircclinn  of  propagation  is  normal  to  the 
wave  front,  the  sound  is  there  directed  upward  iea\ing  the  oarth 
in  almost  silence.  If  wind  is  blowing  from  a  soun<l-raaging  base 
toward  an  enemy  hatter>',  the  sound  of  the  disrhargf  will  be 
deflected  upward  and  niay  not  reach  the  sound-ranging  in.struincnt 
On  the  side  of  the  source  toward  which  the  wind  is  blowing  (.4, 
Fig.  1S7),  the  speed  of  the  .sound  near  the  ground  is  less  than  at 
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ipher  altitudes.  On  this  side^  the  wave  bends  over  toward  the 
ground,  thereby  distributing  the  sound  to  coiLsiderable  distances 
in  the  direction  along  the  ground.  A  moderate  wind  from  an 
enemy  batter>'  toward  the  sound-ranging  base  is  favorable  to 
accurate  results. 

If  the  wind  blow  against  a  hill  or  other  large  object,  there  will 
be  a  space  free  of  sound  bt^hind  the  obstacle,  beyond  which  there 
will  be  sound,  Fig.   188. 

It  is  left  a*  an  exercise  for  the  student  to  show  that  if  a  sound 
be  produce<l  at  one  end  of  a  iunnel.  then  the  loudness  at  the  other 
end  will  lie  greater  when  a  wind  blows  through  tlK^  tunnel  in  the 
direction  opposite  to  the  sound  than  when  a  wind  blows  in  the 
direction  of  the  sound. 


4 


CHAKrKR  XIII 


SOUNDING  BODIES 


182.  Vibrating  Rods. — By  sprinkling  sand  upon  a  vibrating 
Toi],  fixf*d  lit  cmi'  rnd,  one  or  maw  pliiccj^  will  be  foiiml  on  whirh  the 
sand  rotnains,  that  is,  whifh  nvv  ahiiost  nt  rest.  The  rejistm  is  not 
far  to  seek.  If  the  free  end  of  the  rod  l)e  pidled  aside  and  teleagedjj 
a  wave  will  travel  to  the  fixed  onii,  thei'e  lie  reflected,  travel  to  the 
free  end,  tlieiv  Ite  refleet(»d,  iiiid  t^o  on.  The  resuhant  condition, 
produced  by  the  romponeiit  waves  m  opixtsit-c  directions  is  |H 
stationary  undulation  (Art.  154).  The  niodfs  of  vibration  of  a 
i*od  fixe<-l  at  one  end  when  p:ivi!iK  the  fnndiunentid  and  the  fiiist 
two  overtones  are  shown  in  Figs.  189,  190  and  191,  resix^etivelyj 

TIk^  flistiiiKT  fntni  the  jx^int  at  rest  U 
the  far  end  of  (he  nul  is  less  than  one-^ 
third  the  len^h  of  the  rod.  and  the 
distance  he  is  less  than  aL  The  relative 
fre(iiieneies  of  the  fniHtainenlal,  and  the 
first  two  overtones  are  not  1,  3,  5,  as  ^fl 
tlie  ea.'^<!  of  a  closed  pip<*,  but  are 
Fiij.  I8ft.  Fkj.  len.  Fhj.  191.  approximately  I,  6.25,    17.5.     The  fre- 

fiueneiea  of  the  transverse  fuiidmncntal 
vibtatlon  of  rectanjjular  rods  of  the  same  material,  fixed  at  one 
end,  an'  i)]<JiH>rlionaI  U)  ttie  tliickiu'ss  in  the  plane  of  vibration,, 
and  invei-aely  proportional  to  the  squares  of  their  length.  Thi 
motion  of  a  vibintia^  rod  is  usually  (he  resultant  i>f  the  fi 
damental  vibration  and  several  overtones. 

The  tuning  fork  is  essentially  a  rrxl  fixed  at  the  middle  point, 
FiffH.  192  and  lfl3.     ^^'heu  the  prongs  vibrate,  the  stem  moves  u| 
and  dowT(   with   the  same  pt^riod.     The  prongs  .^et  so  little 
intfl  xibration  that  the  loudness  due  to  the  vibrating  prongs 
not  great.     By  resting  the  stem  on  a  table,  the  whole  table 
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and  n  large  mass  of  air  arc  set  into  vibration,  and  the  loudness 
of  the  8(>und  is  jn*eatly  increased. 

Tuning  forks  are  often  attaehed  to  the  top  of  a  resonator, 
Fig.  194,  consisting  of  a  box  open  at  one  end  and  containinjE  a 
vohune  of  air  haxin^^  a  natural  perio<l  of  \ibration  nearly  the  same 
BR  the  fundamental  of  the  fork.     The  overtonetj  of  a  tuning  fork 
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are  weak  and  of  short  duralifin.  As  the  rewinator  reinforecs  only 
the  fundamental,  the  note  from  a  tuning  fork  on  a  resonating  lx)X 
tfi  very  pure,  that  Ls,  free  of  overtones, 

183.  Vibrating  Plates. — If  the  center  of  a  telephone  diaphragm 
fhsplaotxi  and  then  n'lea«vl,  the  diiiphrii^m  will  vibrate  back 
forth,— the  center  with  tlu'  great t*st  amplitude, — with  a 
frrquenc>'  of  from  750  to  OtXJ  vibrations  per  srrond.  For  voice 
frequeneit'S  not  greater  than  the  natural  frrc]uenfy  of  a  telephone 
diapliragni,  the  diaphragm  vibralt's  as  a  whole  in  one  segment  with 
the  fpequency  of  the  voi(;e  vibrations.  For  voice  frequencies 
prreater  than  the  natural  fre(]t]ericy  of  tht*  ftiaphragm,  the  rlia- 
phnagni  divides  into  two  eoncentrie  segments  separated  by  a 
circular  no<]a]  line.  T\w  range  of  tlie  voice  ia  from  about  75  to 
about  3000  vibrations  (kt  second. 

Tiie  presence  of  nodal  lines  can  be  shown  by  sprinkling  the 
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plate  with  lycopcxiinm  powder  or  fine  sand.     The  sand  or  jxiwder 
will  remain  on  the  parln  of  the  plate  at  rest  and  will  roll  away 
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from  the  parts  in  motion,  By  this  means  Chliuhii  first  studied 
thi'  inoiiL's  of  vibiatiou  uf  ]ilaU»s.  Figs.  195-198  hhtnv  tiio  positions 
of  the  nodal  lines  of  a  plate  cUimixxl  at  c,  when  bowed  at  6  and 
tnucht^i  l>y  n  finj^cr  at  J,  The  more  sl^g;Ilu;rlt^i  into  whirli  a  vilira- 
tiii^^  plate  is  divided  by  nodal  Uncs,  the  higher  the  pitch  of  the  note^J 
eiiiitted.  ^M 

184.  Vibrating  Wires  and  Strings. — If  a  stretched  flexible  " 
strinj;  Ije  phicked,  llit-  jihu-kcd  deuient  will  vibrate  t rantn^ersely  ' 
with  periodic  motion.  This  periociic  motion,  by  being  lianded  on-fl 
succcaaively  from  one  element  of  the  string  to  the  next,  will  pro-  ~ 
duce  a  transverse  wave.  Tliis  wave  is  refieetetl  from  the  ends  of 
the  string.  The  two  superposed  oppositely  directed  waves  set  th< 
string  into  stationaiy  undidation. 

If  the  string  l>e  phjcked  at  the  middle  point,  the  whole  strinR-' 
will  vibrate  in  one  segment,  Fig.  199a.     But  if  the  middle  point  of 

the  strittgbe  lightly  touehed 
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Fig.   199. 


on    the    string    several   little 


with  a  match  and  at  the 
same    time-  a     point     bel 
phu'kod    midway    between 
this  iK>int  and  one  end,  the 
.string  wjll  \'ibrate  in  twoj 
segments   witli   double   the 
freciuenc.y    of    the     funda- 
mental vibration,  Fig.  1996, 
On    removing    the    match, 
the  norle  at  the  middle  of 
the   string   will    persist    bb\ 
may  l)e  shown  by  dropping 
A   sliaped    pieces   of    paper.      All 


of  these  "  riders "  will  be  thrown  off  except  the  one  at  thefl 
no<le.  In  a  similar  manner  a  string  may  be  set  into  stationary" 
undulation  with  three,  four,  etc.,  segments  and  frequencies  of.  i 
three,  four,  etc.,  times  that  of  the  fundamenlaJ.  ^M 

By  means  of  resonators  it  can  l>e  shown  that  the  note  from  a 
vibrating  stretched  string  usually  consists  of  a  fundamental  to- 
gether with  several  harmonic  overtones.  It  follows  tliat  the  sta- 
tionary undulation  of  the  string  must  be  the  resultant  of  thai 
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suporposilion  of  a  funduiupiitul  and  several  hannonifs  as  illu8- 
tnited  ill  Fig.  \^d. 

C<?rtain  tones  when  soundwl  together  give  mi  unpIpAsant 
iBund.  If  it  be  required  that  a  certain  harmonic  of  a  vibrating 
string  shall  not  ]>e  produwxl,  the  string  is  plucked  at  a  point  at 
which  a  node  would  be  formed  if  tlie  undesirc<l  harmonic  were 
present.  To  prevent  the  formation  of  undesired  liannonics,  piano 
strings  arc  struck  at  point^s  from  ontMnphth  to  one-ninth  of  their 
length  frt)m  one  end. 

It  can  l>e  prove<i  that  the  fref|ucncy  n  of  the  fundainentu!  vibra- 
tion of  a  flesdble  strinjj  of  length  /,  and  luiias  \xiv  unit  length  m, 
when  stretched  by  a  force  /,  Ls 


"=^/\/?.- 
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In  stringed  musical  in.slmments  the  required  pitch  can  be 
obtained  by  var>*ing  the  lenp;th  nf  the  string,  the  tension,  or  the 
mat^  per  unit  length.  The  nias-s  yter  unit  length  may  l>e  increased, 
without  any  great  decreiise  in  flexibility,  hy  wrapping  the  string 
with  one  or  more  layers  of  wire. 

Ab  the  piano  and  zither  have  strings  of  fixed  length,  tension, 
^and  mass  i>er  imit  length,  these  instruments  must  have  a  separate 
%tring  for  each  note  that  is  to  be  pro<hiced.  In  such  instruments 
as  the  violin  and  guitar,  each  strinj;  can  be  changed  in  length  so 
88  to  produce  a  numJjer  of  dififereat  notes.  Consequently  these 
instruments  require  but  few  strings. 

185.  Sound  Boards. — A  vibrating  string  cuts  through  the  air 
without  setting  much  of  it  into  \ibration.  Consetiuently,  the 
loudness  of  the  note  emitted  by  a  string  vibrating  in  the  open  air  is 
ver>'  small.  But  by  stretching  the  string  over  one  or  more  bridges 
that  rest  on  a  broad  thin  Ixmrd,  the  vibrations  of  th(*  string  will  be 
propagated  through  the  bi-idges  to  the  boanl,  and  the  latter  will 
l»e  set  into  forced  vibration  of  the  same  frequency  as  the  string. 
The  large  ma.ss  of  air  thereby  set  into  vibration  greatly  increases 
tlie  loudness  of  the  note. 

It  should  \ye  noted  that  the  sound-board  is  not  set  into  vibration 


{ 


284 


ROUNDINn   BODIES 


Fio.  200. 


avo-  ' 
roinffl 
ofaS 

.1.  ^ 


by  resonance.    The  same  sound-board  is  forcctl  into  vibration 
any  note  whatever  the  frciiTieney. 

186,  The  Production  of  Vocal  Sounds. — Voeal  sounds  are  duo 
to  waves  in  the  air  produced  by  the  vil)ru,1ion  nf  the  so-eal]«l  vocal 

cords.     Tliese    consist    of   two  mem- 
branes, cCf  Fig.  200,  acrass  the  trachea 
or  windpipe  at  the  enlargement  called 
the     *'Adani^s    ai>p]e."     lu    men    the 
vocal  cords  have  a  lengtli  of  about 
l.S  em.,  and  in  women  about  1.2  em. 
In   t>rdinai*y   conversation    the    wave- 
lengths  of   a   man's    v*>iee   are   f: 
three  to  four  meters,  while  those 
woman  are  about  ontvthini  as  great. 
The  tension,  and  to  a  slight  extent  the  length,  of  these  mem- 
branes, as  well  as  the  width  of  the  nlit  between  them,  is  eontrcilled 
by  attached  muscles.     By  these  changes  the  pitches  of  the  fun- 
damental an<l   aeeonipanying   notes  are  altered.     The  intensity 
of  the  overtones  is  altered  hy  resonance  in  the  air  passages  of  the 
throat,  mouth  and  na.sal  pjissag4\s.     When  the  vot^al  cordis  art>  in  a 
completely  n'laxed  condition,   the  breath  passes  between  tbcm 
without   selling  them   intf»  .sf>norous   vibration.     In   whis)>«*ring, 
the  vtu'al  c(»rtlH  art*  under  sut-h  sliKht  tension   that    they   prtnluce 
almost  no  sound. 

187.  Physical  Characteristics  of  Vowels, ^Speech  sounds 
-  whicli  can  b*'  continuously  interned  witlKHil  change  m>  long  as  breath 
H  is  supplied  are  called  vowels.  Vowels  are  continuous  sound  wave® 
H  produced  by  vibrulion  of  tlie  vocal  cords  and  modifietl  by  reso- 
H  nance,  but  not  l>y  aufiil>le  fiic(ii>n,  in  (lie  air  passa^^es  alK)ve  the 
H  cords.  The  Century  Dictionary'  distinguishes  nineteen  vowels  in 
H  the  English  language.  Unfoiiunately,  we  do  not  have  a  diJTerent 
H         s^inbol  in  our  alphaU^t  to  represent  each  vowel. 

H  ConsoTiant'i  are  vocal  sounds  whicli  either  come  to  a  definite 

H  stop  (as  p)  or  which  art^  modifieii  l)y  audible  friction  (:is/).  In  the 
H  case  of  some  consonants  there  is  n(t  vibration  of  the  vocal  cords 
H         (for  example  p  and  /),  while  in  the  ca^'e  of  others  (for  example 
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b  and  v)  there  is  vibration  of  the  \*ocal  cords. 


AIR  COLUMNS 


235 


A  permaDent  record  of  fho  pressure  variation  of  a  sound  wave 
may  bo  made  by  a  phonograph  ai»d  other  instruinentff  of  even 
greater  sensitivity.  A  study  of  such  records  of  wave  forms  shows 
that  the  wave  produced  t»y  the  vibration  of  tlie  vocal  cords  consists 
of  a  fundamental  accompanied  by  many  overtones.  As  many  as 
24  overtones  have  been  found  in  some  vocal  sounds.  By  changing 
the  size  and  shape  of  the  various  cavities  and  openings  of  the 
mouth  and  throat,  different  overtones  can  be  strt^ngthened  by 
resonance.  For  example,  if  the  vocal  cords  be  set  into  vibration 
when  the  mouth  is  wide  open  and  the  tongue  is  low,  the  sound  of 
a  in  ma  will  1^  emitted.  If  now  \hQ  li|>s  be  nearly-  closeti,  every- 
thing else  remaining  as  before,  the  sound  of  oo  in  moo  will  be  pro- 
duced. The  pit*:h  of  the  overtone  that  is  strengthened  is  inde- 
pendent of  the  loudness  of  the  sound  or  the  pitch  of  the  funda- 
mental. An  analysis  of  vowel  sounds  shows  that  each  vowel  is 
characterized  by  one  or  two  overtones  of  definite  pitch  inde- 
pen<ient  of  the  pitch  of  the  fundamental. 

D.  C.  Miller*  has  found  that  the  distinguishing  character- 
istic of  the  vowel  a  in  ma  is  an  overtone  of  pitch  of  about  922 
vibrations  per  second,  that  of  a  in  umw  by  an  overtone  of  alK>ut 
732;  that  of  o  in  mow  by  an  overtone  of  about  461;  and  that  of 
oo  in  moo  by  an  overtone  of  abotit  326  vibrations  pt*r  second. 
Other  vowels  are  characterized  by  two  overtones  of  constant  pitch. 
The  characT4?ristic  overtones  of  a  in  mat  have  frequencies  of 
about  800  and  1S43  vibrations  per  secon*l ;  those  of  e  in  inrt  of  about 
601  and  1053;  those  of  a  in  m«le  o(  about  4S8  aiid^'ltil;  and  those 
of  ee  in  raeei  have  frecjuenciea  of  about  308  and  3100  vibrations 
per  s*M*ond. 

188.  Vibrating  Air  Columns. — If  a  vibrating  tuning  fork  Ixj  held 
at  the  end  of  a  column  of  air  whose  length  can  be  varied,  Fig.  201, 


J^ 


Fir,.  201. 


it  will  be  found  that  as  the  length  of  the  column  is  gradually 
increased  from  zero,  there  will  be  strong  reinforcement  of  the 

•  "The  Science  of  MueienI  Sound*,"  p.  237. 
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sound  when  the  air  column  has  a  certain  teji^h.  If  this  length 
\x  slightly  inrrcased  or  iletrrfAscd,  tlic  loudness  will  diminish. 
But  by  gradually  increasing  the  length  of  the  air  column,  another 
length  can  i>e  found  at  which  strong  reinforcement  again  occ 
If  the  pipe  be  of  sufficient  lengthy  several  such  (mints  of  reinfo 
meni  can  be  found.  This  effect  will  now  he  studied  in  more  detail. 
When  the  prong  of  a  tuning  fork  moves  toward  the  mouth  of 
the  pipe,  a  pulse  of  compression  ia  sent  down  the  column  of  air. 
WTien  the  prong  moves  away,  a  pulse  of  rarefaction  is  sent  down 
the  (^hunn  of  air.  At  the  closed  end  of  the  pi|x^  a  pulse  of  c<»m- 
presflion  is  reflected  as  a  pulse  of  compression,  and  a  pulse  of  rare- 
faction is  reflected  as  a  pnlae  of  rarefaction.  On  reaching  the  open 
end,  a  pulse  of  compression  is  reflected  as  a  pulse  of  rarefaction, 
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and  a  pulse  of  rarefaction  is  reflected  na  a  pulse  of  compression. 
At  the  open  end,  the  part  of  the  energ>'  that  is  not  reflected  emerges  _., 
into  the  surrounding  air.  fl| 

In  the  separate  diiigmnis  of  Fig.  202  and  203  are  indicate*! 
the  iK)aitions  of  the  maxirnii  i»f  ctimpression  and  rarefaction  at 
instants  st^paratcd  by  an  interval  of  one-quarter  of  the  period  of  the 
fork.  Successive  puLsen  of  compreseion  are  repreaented  by  the- 
symbols  Ci,  C^,  etc.,  and  successive  pvilses  of  rarefaction  by  R\ 
Rit  etc.  When  a  pulse  ia  going  downward,  the  symbol  is  place 
on  the  left  side  of  the  pi[>e:  when  the  pulse  is  going  upward,  the 
symlxjl  is  placed  on  the  right.  When  a  coniprrsaion,  C'l  for 
eacfunplo,  is  reflected  as  a  rarefaction,  the  symbol  is  changed  to  I 
R'\,  On  aubaciiucnt  n'tiections  with  change  in  Ihe  sign 
con>prc!wion,  the  prinicj?  and  aubscripU  tire  omitted. 
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Fig.  202  the  pitch  of  tlie  tuniriK  fork  Ls  such  that  while  the 
prong   makes  one-quarter  of  a  completo   vibratiou  a  puJsc  will 
travel  the  length  of  the  pipe.     When  the  pronj;  has  moved  from  the 
upper  end  of  its  path  to  the  niitl-^wsition,  Fig.  202a,  the  maxi- 
mum of  the  pulse  of  compression  Ls  at  the  mouth  of  the  pipe.     At 
the  end  of  the  next,  quarter  period  of  the  fork,  this  pulse  of  com- 
prcs^on  has  reached  the  closed  end  of  the  pipe  and  has  there  been 
reflected  as  a  condensation,  Fip;.  202/;.     During  the  next-  quarter 
period  tlus  pulse  of  com|)res.sion  has  gone  to  the  top  of  the  pipe, 
Fig.  202c,  and  is  on  the  point  of  being  reflected  as  a  pulse  of  rare- 
faction.    At  tlie  same  instant,  the  fork  is  producing  at  the  mouth 
a  Euaximimi  of  rarefaction  Ri.    The  two  pulses  conspire  to  pro- 
duce a  pube  of  greater  rarefaction.     On  the  return  to  the  open 
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K»d  of  the  pipe  after  reflection  at  the  closed  end,  this  pulse  of 
ttwtfaction  is  reflected  as  a  compression,  and  at  the  same  time 
there  is  Bup4?rpt)sed  upon  it  another  pulse  of  compression  due 
to  the  fork.  In  this  way,  the  air  in  the  pipe  continues  to  receive 
sniall  increment.^  of  energy  from  the  fork  until  the  vihrHluma 
t'Diitted  from  the  open  end  of  the  pipe  are  of  sufficient  amplitude 
to  produce  a  loud  sound. 

The  same  colunm  of  air  will  respond  to  notes  of  certain  other 
/requencit«.  In  Fig.  203  is  represented  the  pi*ogress  of  juiLses  of 
compression  and  rarefaction  when  the  pitch  of  the  tuning  fork  is 
such  that  while  the  fork  makes  one-quarter  of  a  complete  vibra- 
tion, a  pulse  travels  one-third  of  the  length  of  the  pipe. 

An  examination  of  these  figiues  shows  that  after  a  few  pulses 
have  returned  to  the  open  end,  there  are  certain  fixed  points 
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within  the  pipe  at  which  a  st-at**  of  condeasation  alteniates  with 
state  of  rarefaction.     At  out*  luoiiiciit  air  ru^ihcJ^  toward   the* 
points  from  both  directioiis,  and  at  another  motuent  rushes  awai 
in  both  tlircctions.     At  thcst;  iK)inlH,  .situutod  on  the  horizonti 
lines  NN'  in  iho  fipircs,  the  density  of  the  air  changes  periodically 
but  the  velocity  of  the  air  particles  reuiains  zero.  d 

There  arc  other  fixed  ixjints  at  which  the  density  is  always  the^ 
resultant  of  a  condition  of  coudenHatioii  and  an  eijual  rarefaction. 
At  these  points,  marked  .1.4'  in  the  tignros,  the  density  of  the  air 
is  constajit  but  the  'clocity  of  the  air  jiarticles  is  first  in  one  dircc-, 
tion  and  then  in  the  other. 

Hinee^  in  the  viliratiiiK  air  cohnnn  tlicre  are  stationary  i>oini 
at  which  the  velocity'  of  the  •  '      artifles  's  ne-arly  zero,  alt-ernatii 
with  other  stati<.»narv  '  .  whicn  the  veloi^ily  chiinges  period- 

icallVr  the  air  ..  .  siate.  of  stationary'  undulation  {Art.   154). 

The  |H>ints  at  wliich  the  velocity  of  the  air  iiaiticles  is  nearly  zero, 
and  the  density  changes  periodically  arc  called  n-Oflea.     The  point 
at  whi<'h  the  velocity  changes  periodically  and  the  density  remaii 
constant  arc  called  nnlitwfieii. 

In  the  case  of  a  stationar>-  undidation  in  a  pipe  closed  at  oi 
end,  there  is  a  node  at  the  close<l  end  and  an  antinode  near  the 
open  end.     The  distance   between  two   nmles,   or  between   two^ 
antinodes,  e(]uals  one-half  wave-length;  and  the  distance  betwed^l 
a  node  and  an  adjacent  arilintwh^  e<|uals  one-tiuarter  wave-length 
(Art.   15-1).     Hence,  where  there  is  a  stationary  undulation  in  a 
pipe  closed  at  one  end,  the  length  of  the  pipe  must  be  nearly  e(|ua! 
to  an  odd  uuniU'r  of  quarter  wavc-lengtlis.     Tliat  is,  the  wavc- 
lengtlis  of  the  air  waves  witliin  a  closed  pipe  are,  respectively^^ 
4^,  \!t  it,  ^If  etc.,  where  I  represents  the  effective  length  of  the  pipejH 
Conse<:iuently,  the  wave-lengths  of  the  air  waves  within  a  closed 
pijje  are  in  the  ratio  of  1,  i,  i,  4f  *-'t-<.*.     It  follows  that  a  closed  pi] 
of  fbcetl  length  will  respond  to  notes  having  frequencies  in  the  rat 
1,  :i,  5,  etc. 

It  is  left  as  an  exercise  for  the  student  to  discuss  stalionai 
undiilations  of  air  in  pipea  ofjeu  at  both  ends  and  to  show  tliat, 
this  case,  the  length  of  the  pij)c  nnist  cfjual  an  even  nunil>er  of 
quarter  wave-lengths.     That  is,  the  wave-lengths  are,  respectively, 
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V^  \U  I't  I't  ^tc.  Consequently,  the  wave-lengths  of  the  air  wavett 
frHliin  an  n|>en  pipe  arr  in  ihv  mtio  of  1,  J,  I,  J,  etc.  An  o\)CJ\  pipe 
of  6xk^  length  will  res|xjnd  to  notes  luiving  frequencies  in  the 
ratio  1,  2,  3,  4,  etc. 


A  sl&nding  wave  of  sound  may  be  kIidwii  by  \\\c  following  experiment. 
.\B  (fr'ig.  '204)  i^  a  sheet-iron  tub*'  clfwoft  at  A  by  n  inntui  head  and  closed  at 
8by  a  dmw-tul>e  provided  with  u  thin  rublter  diaphmiii  1).  The  upper  element 
of  the  lulu*  is  prxA-idcd  with  a  n>w  of  rhj*  jet8  extending  from  end  to  end  and 
wppliMl  with  iltumiimting  go^  wtiieh  enters  through  the  inleL>«  /i  and  /). 
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'If  n  loud  note  be  produced  in  front  of  [).  n  sound  wave  will  tmverso  the 
intt  <»f  gHS  to  Ihe  end  A  and  there  \h'  reflected  Imck  aluiij?  the  aunif  path. 
If  thr  lengt-h  of  the  tube  hiw  boon  proiwrly  :idjUM(cd,  these  two  w&vvs  will  set 
up  a  atAiidiug  wave  of  sound  in  the  pa.s.  At  the  noflefi  the  particles  of  gaj) 
vfbmto  hardly  at  all,  but  the  prejeture  at  tlw.*  nodei^  clianges  very  eonsiderabty. 
This  is  b»*cftU«e  the  particles  of  gas  in  the  ventral  se^nenls  on  both  side*  of  a 
no«le  rush  toward  the  node,  thus  incnaisinK  tlie  presKun'  at  the  node,  and  theji 
on  Ixith  Hides  rush  aw«y  from  the  node,  thud  dt'creasioR  the  pressure  there. 
9o  thj»t  during  every  period  of  \ihrution  t  he  node  is  once  in  lh<'  nuchtt  of  a  eon- 
dknsation  and  once  in  the  midst  of  a  nirefaction.  When  the  jiressun.'  at  a 
node  is  gmalrst,  the  flainp  alxive  it  burn.-^  higlicMt;  and  wlien  the  prctwure  Ih 
Iexi5t.  the  ga»  if*  luirdly  forced  out  of  the  tube  at  all  and  the  flame  i»  low.  Thus 
duntig  ever\'  vibration  iif  tlio  gas  the  llanic  u!*ove  eaeli  nixie  rises  and  faJla, 
whtTTAa  the  fhuuc  above  an  unlinode,  whore  the  pressure  does  not  change, 
bonu)  nlondily  The  i>eriod  of  vibration  xb  sn  short  that  our  eyes  cannot  fol- 
the  motions  of  the  flame^i.  and  ao  flaraca  at  thu  nodes  appear  to  be  all  the 
trme  burning  higher  thun  those  at  the  antinoden.  If  a  iK'rson  moves  his  cv(  h 
rapidly  [Hist  the  (laine^.  he  can  isee  tliat  they  really  are  moving  up  and  dirwti. 

189.  Determination  of  the  Velocity  of  Sound. —Fnuti    (llOJ 
velocity  of  a  wave  of  frequency  n  and  wave-length  X  is  given  by 
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In  the  ca^c  of  a  stutionurv'  utiUidiition  in  any  medium,  the  distance 
between  two  nodes,  or  bcHweeu  two  antinodes,  equals  one-half 
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wave-length.     Consequontly.  if  tlio  friHiuonoy  of  the  \-ibration 
known,   the  velocity   run   Ih'   dt'teriiiiiiod.     By   this  method 
velocity  of  sound  m  different  media  and  at  different  teniperatii 
has  been  determined. 

The  velocity  of  iwund  in  fn^e  Mill  air  at  Ihi;  temperature 
melting  ice  is  331.29  mefei-s,  (10St>.M  ft.)  per  second.  At  T  C,  t 
velocity  is 
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and  at  £'**  F.,  the  velocity  is 
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If  the  air  is  moving,  the  speed  of  sound  is  affected.     For  in- 
stance, the  sound  of  the  explo.sion  of  a  gtm  is  greater  than  normal 
near  the  muzzle.     In  the  case  of  a  twelve-inch  gun,  the  speed  o^ 
the  sound   of  the  explosion   does   not   become   normal   till  aft 
about  five  hundred  feet  have  \xKm  traversed.     Winds  may  inci-e 
or  decreiise  the  speed  of  sound. 

The  speed  in  sea  water  at  the  freezing  point  is  about  4530  f 
per  second.     Up  to  atmospheric  tern  p*?i'atu res,  a  rise  of  temper- 
ature inci-eases  the  speed  in  sea  water  about  three  feet  per  secon 
per  degree  Fahrenheit.     In  ptire  air-free  water  at  66°  F.,  the  » 
is  4794  feet  per  second. 

In  other  substances  the  speed,  expressed  in  feet  per  seconi 
has    the    following    approximate    values — steel,    16,500;    gnmite,' 
12,900;  ash  wood,  along  the  fiber,  4670;  ash  wood,  across  the  fiber 
4570. 

By  means  of  (118)  wc  ran  determine  the  length  of  any  wave  ol 
assigned  frequency  and  known  speed.  For  example,  the  note  d 
("  middle  C  ")  of  an  instniment  tuned  to  IntemationiU  pitch  has  a 
frequency  of  258.65  vibrations  per  second.  Consequently,  wl 
traversing  still  air  at  thf  temperature  of  freezing  water,  the 
length  of  soimd  of  this  pitch  has  the  value 
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Jn  9PA  water,  at  the  asane  leinpcraturo,  the  wave-length  of  the 
same  nolo  would  ho. 


258.65 
190,  The  Flue  Organ  Pipe. — The  sounds  of  most  wind  muBical 
irwirunients  are  due  to  the  R'sonant  vibration  of  a  mass  of  air  set 
into  Diotion  by  a  mouthpiece. 

In  the  case  of  tho  flue  organ  pipe,  Fig.  205,  a  sheet  of  air  is 
blown  against  the  sharp  edge  of  the   mouth  of  the   pipe.     If  a 
port  of  the  sheet  enters  the  pipe,  a  pulse  of  comlenflntion  will  travel 
to  the  farther  end  and  there  be  reflected.     If  the  farther  end  be 
dueed.    the   incident    pulse    of    condensation    will    be 
reflected  as  a  pulse  of  condensation,  whieh,  proceeding 
to    the   mouth,  will   there   produce  a  rise  of  pressure 
and  a  consequent  outward  deflection  of  the  air  sheet. 
This  outward  deflection  of  the  air  sliit:t  at  the  mouth 
produces  a  rarefied  condition  within,  which,  proceeiiing 
to    the   farther   cloeed   end,  is  reflected  ns  a  puLse   of 
mrefaction.     On   reaching    the    mouth,    this    rarefied 
condition,  by  drawing  the  air  sheet  inward,  again  pro- 
duces u  pulse  of  condensation,  and  the  cycle  of  events    br      ir 
is  repeated.    It  thus  appears  that  the  period  of  vibration    pjQ   205. 
of  the  air  sheet  at  the  mouth  is  determinecl  by  the  period 
at  vibration  of  the  column  of  air  within  the  pipe.     For  a  pipe 
rlo»ed  at  one  end,  the  jx^riod  is  the  time  oc<'upied  by  a  pulse  to 
travel  the  length  of  the  pipe  four  times.     Thus^  the  wave-length  of 
the  fundamental  tone  emitted  by  a  clased  pipe  is  four  times  the 
lenj^h  of  the  pipe.     In  addition  to  the  fundaments],  there  will  be 
overtones  of  wave-lengths  i,  J,  |,  etc.,  that  of  the  fundamental 
(Art.    188). 

In  an  open  organ  pipe  the  wave-length  of  the  fimdamental  tone 
will  be  two  times  the  length  of  the  pipe.     There  will  be  a  series  of 
cn'ertones  of  wave-lengths  i,  §,  J,  etc.,  that  of  the  fundamental. 
L  The  note  of  a  closed  organ  pipe  consists  of  tho  fundamental 

I  and  the  odd  harmonic  overtones.  The  note  of  an  oi)en  organ  pipe 
I  oonsiats  of  the  fundamental  and  both  odd  and  even  harmonies 
I   (Art.  188). 
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The  froqiienry  or  pitch  of  tho  fiindanir^ntnl  of  a  vihratinji;  air 
column  is  determined  by  the  length  of  the  eoluinn  and  the  velocil 
of  sound.     From  (118)  the  frequency 

V 

A  change  of  tcmfjcrature,  hy  chunyunK  the  velocity,  will  ehauKC 
the  pitch. 

SoLVKo  Proiilgm 

Problem. — A  certain  Sue  orRan  pipo  at  20**  C.  lias  a  pitch  of  512  vibral 
per  aecond      Find  ilio  pilch  iii  W  C, 

Solution. — From  ( IIS)  the  fro»queni'y  of  u  wuve 


sre  y  is  the  vclcwrity  of  thi'  wiivr.  and  K  is  thp  wave-lenftth,  which  in  this 
is  detcrniined  by  the  lenf?(l)  of  tht;  pipe. 

Due  to  the  ehunging  14^11^^11  iirr.  tlii^  veUwity  of  llie  s(»iinil  rhaiiRrs  as 
given  by  (119).  The  length  of  ihc  pi|»e  is  altered  by  a  negliftiUc  auiuuut. 
From  (118)  and  fl!9),  the  rrcqiieney  at  10"  C,  is 


and  at  20°  C,  the  frciiueucy  i^ 


33129 


V 


1  + 


JO 
273 


33r29, 


(273 -flO 
•273     ' 


nw|=512| 


:^3120 

X 


V 


273+20 


273 


vihration8  t»er  w;cM)nd. 


Dividing  oatrh  niemter  of  the  former  eiquation  by  the  oorrcspunding 
ber  of  the  latter,  we  obtain 


«w^    1273+10 

512     \27.- 


3+20 

191.  The  Flute.— The  air  wluniti  within  a  flute,  Fig.  206,  is 
set  into  viljiation  by  a  cuirent  of  aii'  (liivct(*d  ajjainst  the  thin  e<lge 
of  an  eUipliciil  hole  near  one  cml  of  the  instniiiieiit.  The  tube  ia 
pierceii  with  a  nunilK»r  of  holes  wliich  can  be  opened  or  closed  ajU 
the  will  of  the  [MTfctrrnrr.  WTien  all  of  the  holes  an*  elascd  and  the 
iniitnuiLt'nt  is  blown  with  a  certain  preK«ui*o,  the  [litch  i«  that 
corresjwnding  to  the  length  of  the  instrument.  When  one  of  the 
holes  is  opened  the  pitch  bs  raised.    The  pitch  depends  not  only 


i 


upon  XTto  pressure  with  which  this  instnimonl:  is  blown  and  the 
dkUuii-V  from  \\ni  mouthpiece  lo  llie  liole  uneovered,  but  al»o 
upon  the  size  of  the  hole  uncovered  (Art.  171), 


192.  The  Brass  Wind  Instruments. — In  an  importjint  class 
of  wind  inst  nnnents  the  vibrations  of  I  lie  air  eolunin  are  induced  by 
the  breath  of  the  player  settinR  into 
vibration  the  tigiitly  stretched  lips 
pressed  against  a  bell-shape<l  nunith- 
pie<T,  Fig.  207.  Tlie  pijie  conlainin^^ 
iJie  \nbraling  air  column  is  usually  so 
long  tliat  for  eonvenienee  of  hantlUnK 
it  is  coiled. 

The  trumpet,  Fig.  208,  has  an  air  column  of  fLved  length.  The 
oidy  notes  that  can  be  produced  are  those  that  can  be  formed  by 
I  hanges  in  the  pressure  of  the  air  and  the  tension  of  the  lips. 


I 
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Fig.  209. 


The  length  of  the  air  column  within  the  cornet  and  certain  other 
instrujuents  can  be  changed  by  fixed  amounts  by  meanw  of  pistons 
a,  6,  c,  Fig.  209. 
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Fig.  210. 

The  length  of  the  air  column  within  the  trombone  can  be 
changed  by  means  of  a  sliding  section  od,  Fig.  210. 


1 
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QlTEflTIOMR 


1.  If  one  end  of  a  tube  be  placed  in  the  ear  and  the  other  end  be  moved 
along  a  train  of  stAtionory  vibrations,  at  what  poiutfl  would  be  heard  sound 
maximum  loudnC!»? 

5.  If  a  wmmling  fog-siren  be  at  a  conflidpraV)]paltilmlft  above  the  sea,  thf 
will  be  a  "zone  of  nilunce"  where  no  sound  will  Im  hctird.  At  jiointa  eitl 
Dearer  or  furthpr  from  the  sourco  the  m>uiid  will  he  heard.     Kxpl&in. 

8.  By  placing  against  a  stretched  string  the  end  of  the  stem  of  a  vibratii 
tuning  fork  which  has  either  the  same  frequenfy  na  the  string  or  any  6) 
multiple,  the  string  will  bo  set  into  vibmtion.     Exjilain. 

4.  When  a  regiment  is  mnrrhini?  behind  ii  band,  the  men  are  not  all  in 
with  each  other  although  each  man  \&  in  step  with  the  music  as  he  heura 
Explain. 

6.  A  diHtinot  echo  ih  pmdiired  of  the  whistle  of  a  locomotive  approaching 
a  flilT  Will  the  pitch  of  the  whistle  1k'  higher  or  lower  than  that  of  thv  echo, 
beard  by,  (a),  a  person  on  the  train.  (6),  a  person  standing  on  the  ground? 


target  the  kinetic  cnor^*  of  tlie  l)ullet  will  diKapfK^ar,  and  so  rimch 
heat  will  be  developed  on  impact  that  jmrt  of  the  lead  will  be 
fused.  If  the  bnaring  of  a  frri^ht  (;ar  axlt;  f*hould  run  dn*  much 
energ>'  will  disappear  at  the  rubhinjj;  surface,  and  so  rauch  heat 
wiD  l>e  develope<i  that  the  oil-8oaked  ciotton  waste  in  the  stuffing 
box  inay  ignite.  Again,  if  a  gas  he  allowed  to  expand  work  will 
be  done  against  the  reaisting  f(»rre,  and  the  gas  will  bpconie  cooler, 
Khowing  that  heat  has  bt^en  lost.  These  exanlple^5  suggest  that 
cnergj'  taui  \>G  transforniHl  into  heat,  imd  hcnil  ran  lK^  Iransformed 
into  energy.  From  a  study  of  such  cxix'riincnts  as  these  we  con- 
elude  tliat  heat  is  a  fonn  of  energy'.  Tims  it  is  ecjually  correct  to 
say  that  a  barrel  full  of  luke%vann  water  ran  furnish  a  greater 
c]uaiitity  of  heat,  or  fan  furtiiidi  a  greater  (juantity  of  energj',  thau 
a  cup  full  of  bf>iling  water. 

Many  physical  projxTlicH  of  a  boiiy  are  altered  by  the  addition 
of  heat  to  the  body  or  abstraction  of  heat  from  the  body.  The 
efTc^ts  of  heat  to  be  here  considered  an- 

(1)  Change  of  the  temperature  of  a  body. 

(2)  Change  of  the  physical  state,  from  soLitl  to  liquid,  liquid  to 
gas,  ete. 

(3)  Change  of  the  size  of  a  body. 
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194.  The  Sensation  of  Heat  and  Cold.— Though  it  is  not 
matter  nf  gfiitTiiI   kiiowksliff   ihal    Ix\suk's  the  sense  organs  f< 
seeing,   hearing,   tasting,   sinelHiig  uiul   fcchng,   we  also   p 
spcoiiilized   organs   for   tlie   appriHriation  of   heat   and    col<l,   y 
that  such  is  the  fact  can  b<»  easily  shown  us  follows.     Place  t] 
pointetl  end  of  a  small  metal  ixkI  in  a  flame  for  a  few  secoi 
and  (hen  ver>'  lightly  tnice  a  hne  on  the  hack  of  the  hand. 

the  tmeing  jwiint  puss<*s  over  certain  points 
of  the  sldii  a  hot  setvsiition  will  he  perceived, 
whereas  along  ihe  internieiliate  region  there 
will  be  no  such  sensation.  By  marking 
Fio.  2U.  these  jxinils  with  a   pen  dij)iKHl  in  red  ink 

we  can  map  out  the  positions  of  the  nerv< 
termini  that  are  sensitive  to  heat.     If  ihc  pointed  metal  rod 
allowe<i  Ui  remain  in  the  Riune  for  a  longiM*  time,  the  same  point 
on  the  hand  will  res|M)iid,  hnt  with  a  moi*e  intense  sensation.. 

If,  however,  the  ]X)intod  rod  Ls  placed  against  a  pieiM^  of  ice  am 
passed  over  the  skin  as  iK-foro,  ]x>ints  will  Ih"  found  that  give  the 
sensation  of  cold.     By  marking  these  points  with  a  pen  dippe<i  in 
black  ink,  it  will  V)c  observed  that  these  points  do  not  coincide  with 
those  that  give  the  si'nsation  of  heat,  hut  constitute  (piif^  a  differ- 
ent system.     It  will  also  Ix^  obsen'cd  that  neither  the  organs  sen- 
sitive to  heat  nor  those  sensitive  to  cold  coincide  iti  position  with 
those  sensitive  to  touch.     It  thus  nppear-s  that  in  a<l(liti()n  to  tl 
organs  of  touch,  the  skin  is  supplied  with  s|K;ciah/.ed  orgaiis  h 
the  perception  of  he^t  and  cold. 

196.  Distinction   between    Temperature     and     Quantity    of 
Heat. — Tlie  fact  that  more  ice  can  1k'  melted  by  a  galUm  of  l>oiU^ 
ing  water  tlmu  by  a  pint  of  boiUng  water  is  described  by  ihe  stAtiJ^f 
ment  that  a  greater  (juautity  of  liout  can  Ik*  furriishotl  by  tho  callon 
of  b(jiling  water  (liau  by  the  pint  of  Uiiling  water.     Similarly 
barrel  full  of  lukewiirm  water  can  ftimish  a  givater  quantity 
heat  than  i\  cup  full  of  boiling  water. 

If  the  cup  full  of  lH)iling  water  Ix-  placed  in  contact  with  tl 
barrel  full  of  lukewann  water,  the  former  will  lose  heat  while  t] 
latter  will  gain  heal.     The  condition  wliich  delt'nniru's  the  floi 
of  heat  from  one  lx>dy  to  another  is  termed  tanptraturt. 


nn 
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If  when  two  bodies  jire  placed  in  coiiluct  and  shielded  from 
outjside  lliernml  di^hirbuneeif,  neither  UkIv  j?uiiiH  nitr  loses  heat, 
the  two  bodies  are  said  to  be  in  thermal  equilibrium.  According 
to  tlip  ordinary  notion8  of  temfxiralure,  twfi  bodies  in  thermal 
C(|uilibnum  are  at  the  same  tonifK^ruture.  Two  b«j<li('s  in  thermal 
<-(1uilibriuiu  may  possess  either  the  same  or  different  ((uantities  of 
lic-at. 

If  when  two  bodies  are  placed  in  contact  and  Bhieldwl  from  out- 
side thermal  dijtturbances  one  Ixxly  loses  heat  while  the  other  Ixxly 
eaiii^  beat,  the  IxkIv  that  loses  heat  is  oiilinarily  said  to  Iw  at  a 
hijclier  teri»fKTUture  than  the  body  tlmt  gains  heat. 

196.  Comparison  of  Temperature. — Although  we  possess 
a|ierializ<*d  organ?^  ioi  the  |>«Mcepli{>n  of  heat  and  cold,  thesi*  or- 
I^H  cannot  be  depended  uj)on  to  (jive  (jiianlitadve  indie;i!ions  of 
tenij»eraiure.  For  inslanee,  if  the  two  hands  be  immersed,  one 
ID  h<it  water  and  the  other  in  cold  water,  and  then  both  hands  be 
plun>(e<i  into  a  basin  of  luUewann  water,  the  sensation  of  tem- 
fKftHture  now  perceived  by  the  two  liiinds  will  Ix'  different.  To 
the  hand  that  has  been  in  hot  water  the  lukewarm  water  will 
ap(K*ar  eo<il,  while  to  the  hand  that  has  Un-n  in  cold  water  the 
<ianip  hikcwarm  water  will  appear  warm.  Again,  if  the  hand 
loucb  a  piece  of  metal  and  a  piece  of  woo*!  1hat  have  been  for 
some  time  in  a  n>om  at  ordinary  temperature,  (he  piei'e  of  metal 
will  seem  to  be  colder  tlian  the  piece  of  wood. 

Temperatures  cannot  Im'  directly  nieastired,  but  they  can  be 
iiulirectly  eompare<i  by  mejins  of  >arious  Cii.'iily  measured  effects. 
For  example,  if  a  circuit  is  formed  of  wires  of  two  different  metals, 
if  the  two  junctions  of  the  metals  are  kept  at  diffen'nt  tern- 
tun's,  an  electric  cumnit  is  usually  fi*und  to  How  amund  the 
ircuit.  Since  electric  currt'nts  are  readily  nieasureti,  this  thermo- 
electric effect  can  be  used  for  the  eompanson  of  differences  of  tem- 
perature. We  might  call  thotsc  tlifferences  in  tetni>eniture  equal 
which  pniduce  equal  chanjies  in  current. 

Again,  since  the  ele<'lric  resistance  of  a  wire  of  any  pure  metal 
increases  when  its  tempenitun^  is  rais<Mi.  we  niiKht  call  th4>se 
<iifforen«'S  of  temperature  e<iual  that  province  equal  differences  in 
the  rrsistance  of  a  wire  made  of  any  given  pure  metal. 
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Again,  since  when  under  constant   pressure  the  lenjrth  a 
volume  of  inost   siihslanc^s  increase*  as   their  temperature 
crea.ses,  we  might   full  those  teni[K^rature  ilifForciires  e<iual  that 
prorluee  e(|\i!il  diiTeivnct'S  in  the  length  or  iu  the  volume  of  a  speci- 
men of  any  selected  substance. 

A(?ain,  since  the  jiressure  of  a  fixed  mass  of  gas  kept  at  con- 
stant voUiiiie  incn*a:*es  when  the  tem])erature  is  raised,  we  might 
call  those  temp4Taturo  changes  equal  which  produce  equal  changes 
in  the  pressui-e  of  a  fixed  nuiss  of  gas  kept  at  constant  volxmie. 

Again,  since  the  Itilul   energj*  radiated  per  second   hy  a  ha 
body  increases  when   the   temperature  is  increased,   we  might 
nu^asuiv  tenifK^rHture  in  terms  of  the  rate  of  radiation  of  energy 
from  unit  surfutv  of  a  IkhIv. 

But  if  we  define  equal  incrvnient^  of  temperature  in  terms 
equal  inci*ements  of  tlieniud  rlectrir  current,  we  are  no  longer  a 
liberty  to  difme  iia  etpud  those  inrrement.s  of  ti^mjxiniture  which 
produce  e<iual  increment*?  of  eloclric  rGsiatance,  nor  those  incre- 
ments of  tetnjKTatiire  wliich   produce   eijual  increments   in   tlie 
length  or  volume  of  a  given  Iwidy,  nor  those  increments  of  tem- 
jjerature  which  produee  ec^ual  increments  in  the  jireasure  of  ^^^ 
fixed  mass  <»f  gas  kept  at  constant  volume.     In  fart,  we  find  that^ 
equal  incren*ents  of  therniiil  elertric  current  are  produced  by  in- 
crements of  temperature  which  produce  unefpial  increments  oAfl 
electric  resistance,  unetjual  increments  in  the  len^rth  and  volume^ 
of  Unlies,  and  uiiei^ual  iniTciuents  in  the  pressure  of  a  fixed  mass 
of  gas  kept  at  constant  volume.     Indeed,  we  fintl  that  any  one  of 
the  al)ovc  methods  of  defining  equal  increments  of  temix>niture 
leads  to  inci-ements  of  tcnqK/ratiu'e  wliicji  woukl  not  be  equal  if 
any  of  tiie  other  methods  of  definition  had  Ix-en  iulopted.  ^t 

197.  The  Constant  Volume  Hydrogen  Temperature  Scale. — ^ 
If  it  l>e  [Kistulatn!  lliat  those  tenqK'rature  changes  are  equal  which 
produce  equal  changers  in  any  specified  property  of  a  definite  sub- 
stance, a  scide  of  teinj^oraturc  can  be  constructed.  The  particular 
property'  that  is  adopted  should  be  one  which  changes  considerably 
with  temix'rature,  and  which  can  be  read  throughout  a  w*ide  tem- 
perature rang*\  Now,  the  |x*nnaneni  gases,  if  niaintaine<l  at 
constant  volume,  undergo  a  considerable  pressure  chiuige  wheu 
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flubjectec]  to  a  clmnge  of  Iriiipcmtiirp,  and  they  do  not  ohangr  in 

either  chemical  constitution  or  physical  state  even  when  sul)jectcii 

to  a  wide  variation  of  tenipcniture.     Consecjiiently,  the  chunRe  in 

pressure  of  a  fixed  mass  of  some  jx^nnanent  ga?^  maintained  at 

constant  volume  has  been  adopted  as  the  liasis  of  the  tempemture 

■cale  used  in  experimented  work. 

As  hydrogen   can   be  changed   in 

temperature  through  a  very  wide 

range  without  any  dis-sociation  or 

change  of  state,  and  can  l>c  icjulily 

obtained  in  a  pure  comhtion,  ihin 

jESs    has    l>een    mlopt^xi    as    the 

standarri   thennometric  Fid>s(ance. 

According  to  the  Constant  Vohunc 

Hydrogen     Temperature    Sralr, 

i  a  fixed  mass  of  hydrf)gen 
maintained  at  amstanl  volume  in 
dumged  in  temperature,  the  dtatige 
of  pressure  thereby  producetl  is  di- 
rectly proportional  to  the  ciuitige  of 
temperature. 

198.  The  Normal  Thermom- 
eter. —The  normal  tlieriuoiiu'ler 
consist*  of  a  bulb  B,  Fig.  212, 
made  of  either  qujjrlz  ur  an  alloy 
of  platinum  and  rhodium,  joJni*d 
by  a  capillarj*  tuV>e  Uy  an  o|w»n 
manometer  AL  The  bulb  and  the 
body  whose  tempemture  is  de.sired 
are  inoloeed  in  an  electricaUy 
heated  furnace  F.  The  volume 
of   the  gas  in  the   bulb   is   kept 

at  a  definite  value  by  tuljuHting  the  plunger  Pso  that  the  mercury 
in  the  manometer  Is  maintained  at  the  index.  In  order  tliat 
there  .*<hall  Ix^  no  transfusion  of  gas  through  the  walla  of  tlic  hot 
bulb,  the  space  between  the  bulb  and  the  walls  of  the  himace  is 
filled  with  gas  of  the  same  kind  aa  tliat  inside  the  bulb. 


Fio.  212. 
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Wliile  kept  at  constant  volmnt.',  let  Iho  prt^ssuros  of  a  pven 
mass  of  hydrogen  at  t^'HiiKMiitures  ^i  and  t-j  Ik*  denoted  by  Pi  and 
P2j  rtispectively.  ami  let  (he  pixissure  at  some  interniCHliate  tempera- 
ture t  Ix*  denote<l  iiy  P.  Then  since  it  is  arbitrarily  postiiIat<?d 
that  when  a  fixed  iriass  of  hydroj^en  kept  at  constant  vohnne  has 
its  tentperature  changed,  the  change  of  pressure  thereby  produced 
is  directly  proixjrliona!  to  (lie  eliange  of  temperature,  M 


P~Pa 


(121) 


In  order  t<>  determine  /  in  iMnnparLHon  with  ii  and  ^2,  definite 
nun^ericid  values  must  be  asBigned  in  these  latter  temperatures. 
The  particular  tetni>eralureH  selected  for  ^i  and  ^_),  as  well  as  tho 
particular  nunilK'rs  einpktyed  t<j  n-prusent  tliese  teni|K'raturc^,  are 
mattei-s  of  arbitrarj'^  convention.  But  in  order  that  the  re-adings 
made  from  different  thennoinetei-s  may  lx»  eoinparable,  physicists 
have  dccidcil  uskui  two  particular  temperatui\»s  f(»r  t!ie  fixed 
points  ti  and  /j.  For  ti  is  used  the  temperature  of  steam  rising 
fnjui  water  iMtilinj;  under  a  buromotric  pressure  of  76  cm.  of  n»er- 
cury,  and  for  t^  is  employed  the  temjK'rature  of  a  mixture  of  pui-e 
ice  and  water  when  in  thermal  equilibrium  and  under  a  pressure 
of  7G  cm.  of  merrur\'. 

As  the  change  <tf  pre~ssui*e  of  a  fixed  mass  of  gas  kept,  at  constant 
volume   produced   by   a   given   change   of   temperatiue   depends 
upon  the  original  pressure  of  this  gas,  tln^  Intenintional  Bureau  o£^ 
Weights  ami  Mea.sui*es  Utifi  .specified  that  at  tlie  temperatui^ 
melting  ice  the  pressure  of  the  hydrogen  shiUl  lie  at  1000  uua, 
mercury. 

Various  experimenters  have  used  different  numbers  to  rep- 
resent these  fixed  fwinta  of  th(!  thenuonieter  scale.  Celsius  as- 
signed the  nunilx^r  0  to  the  tempeniture  of  melting  i<*e,  and  100 
to  th<!  tem]>i^rature  of  Kt<'uui  rising  from  water  tK)iling  under  a 
pressure  of  76  cm.  of  mercur>*.  As  the  temperature  interval  be^H 
tween  the  two  fixed  [xiinls  is  dividiMl  into  one  htmdred  i^irts  or 
degrees,  this  scale  is  usually  calle<l  the  cvtitigm/ie  ^calc.  It  is  the 
thermometric  scale  ordinarily  <'mployed  whenever  the  metric  sys- 
tem of  units  is  employed.     FahnnihcMt  assigned  the  number  32  to 
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• 
the  teniporatuiT  of  moltini?  icv.  and  212  to  the  t^niperaiurc  of 
steiini  rising  fitjm  water  lx>ilirig  under  a  pressure  of  76  cm.  of 
mercury.     The  Fahrenheit  scale  L*  usually  employed  whenever 
ihe  F.P.S.  system  of  units  is  etn[>loyed. 

Repliuring  ti  and  /s  by  100  and  0,  respectively,  and  represent- 
ing the  corresponding  pressures  of  the  Iiydrogen  in  the  constant 
v-olunie  ihennometer  by  Pi  arul  P^.  then  fmm  (121),  the  nurnber 
which  reprejvjits  on  this  therniometer  the  temperature  of  the 
hydrogen  when  at  some  intermediate  pressure  P  is 

i^=  I  (100-0)  D-^^-f  0  '.  degrees  centigrade.     .      .      (122) 
(  O  — "2        ) 

f  This  is  the  method  by  whic^h  temperatures  an-  determined  with 
the  standard  constant-volume  gas  thermometer. 

Similarly,  reprf^'nting  the  fixeii  point.s  of  the  tfiermometer 
by  32  and  212,  respectively,  the  number  which  rcjjresents  the  a&me 
temperature  as  alxjve  is 

tf^  j  (212-32)  ^-^^^+32  I  degrtK^s   Fahrenheit,      .      (123) 

The  relation  l)etw(»en  the  niirnlM'r  which  represents  on  the 
constant  volume  hydrogen  theniionu'ler  a  given  lenifx^ralure  ac- 
cording to  the  ccntigi'Jidf!  scale,  and  the  ntnnber  wliirb  represents 
the  same  temperature  expn^sed  in  Fahn^nheit  ilt^giees,  can  l>e 
obtained  by  di\ndirig  eaeh  mendur  uf  {]2'.i]  liy  the  forresponding 
ntember  of  (122).     Thus, 

//-32^18Q 
fc         100* 

Whence  /c  =  i(lf-  32), (124) 

and  //- 14+32 (125> 

199.  The  Mercury-in- glass  Thermometer. — For  s(*nsitivity 
of  it«  iudicatiotLs,  range  of  Icmperature  for  which  it  is  applicable, 
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and  conHL<tt^iicy  with  one  another  of  the  results  obtained  by 
the  constanl^volunie  hydrogen  thermometer  leaves  little  to 
deKired.  On  the  other  Imiul  itti  lar^ie  size,  tofjether  witli  the  care" 
nece.s.sary  for  its  inuiiipulation  and  the  luiioiint  of  computation^ 
necessary*  in  making  a  temperature  determination  render  it  inooi|^| 
venient  for  onlinury  comniorcial  use. 

The  great  majority  of  teniix  ratuix*  determinations  are  made  by 
mean^  of  the  mercury-in-glass  therraontcter.  This  consists  of  a 
capillar^'  gliuss  tul)e  tcnuinating  in  a  buUx  The  Inilb  and  a  part 
of  the  stem  are  tilled  with  nierfury.  In  order  to  keep  the  mass 
of  mercury  in  the  instnnnent  constant  and  also  to  prevent  dirt 
from  getting  into  the  stem,  the  end  of  the  stem  opposite  the  bidb 
is  usually  hennctiL'Hlly  s<.'aled. 

Whc»n  Hiit'h  an  instnmient  ia  raised  in  temperature,  both  thsH 
glass  envelope  and  the  rontain<Hi  niercur>'  expand.    The  expansion  " 
of  the  niert'urv  would  rauso  tho  end  of  the  mercury  tiin'ud  to  rise 
while  the  expansion  of  the  gla^s  would  cause  it  to  fall.     But  sin< 
unit  volume  of  gloss  exp^nris  k'ss  th:in  unit  vf»hnne  of  mercury 
the  same  increase  of  tcmi>i?rature,  the  resuhiuit  effect  of  an  increj 
of  temperature  is  an  increase  in  the  length  of  the  thread  of  mercui 
in  thi*  steui. 

A  mercury-in-glass  Ihennometer,  like  every  other  commercial 
temperature  measming  iustnuuent,  is  standardized  by  com- 
luirison  with  the  constant-volume  hydrogen  thennometer. 

Since    mercury    frtn^zcs    at    —38.8^*  C-.,   the  mereury-in-gl 
thennou^eter  cannot  be  ustxl  for  determining  k>w  temperatui 
For  such  tem|xmitures  thenuometei-s  are  used  in  which  alcohol/ 
Ujiuene  or  jx^ntane  takes  the  i)kice  of  the  mercury. 

If  we  denote  by  v  the  apparent  Lncrease  in  volume  of  tb^^| 
inercur>'    in   a   mercun'-in-glass   thrnrmmeter   when    changed    in^ 
temfXTutuiv  fruin  0°  to  100°,  wc  might  denote  by  200"  the  tem- 
perature that  would  pro<hice  un  apparent  increase  hi  volume  of  2i^^| 
In  the  same  maimer,  if  we  indicate  hy  r  the  increas<»  in  electric^ 
resistance  of  a  platinum  wire  when  changed  in  temperature  from 
0"  to  100°,  we  might  denote  by  200"  the  temr>erature  that  will 
cause  the  n^sistnncc  to  change  by  the  amount  2r.     Biit  on  placing 
the  mcrcuiy -in-glass  tlienuonioter  in  the  space  in  which  the  plat- 
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inuiD  resistance  thermoinolcr  iiulicates  200**,  wc  would  find  that 
the  merciir>-in-Kliuss  thcnudiuct^T  w<juld  iiuliculf;  20.'i°. 

200.  Units  of  Heat  Quantity. — Heat  Ix'ing  encrgj%  it  would 
be  lo^cal  to  meafiure  quantities  of  heat  in  ergs  or  joules  (1  joulr^ 
=  W  ergs).  But  since  heat  effects  are  more  often  ronnected 
vnth  etmnpes  of  tejiiptTature  than  witli  iu»;elianical  iirocessos,  it  is 
iwimlly  more  convenient  to  adopt  as  the  unit  of  heat  the  quan- 
tity  of  heat  required  to  raise  the  temperature  of  unit  iniuss  of 
"  Iter  from  t°  to  (/-fl)°. 

It  18  shown  by  experiment  that  llu*  nuinhor  of  ei*ps  of  work 
requirt*d  to  raise  unit  niass  of  water  through  one  dopret^  is  dif- 
ferent at  liifferent  temperatures.  It  is  found,  however,  that  to 
raise  the  temix'rature  of  a  given  mass  of  water  from  freezing  to 
boiling  requires  one  hundred  times  as  much  heut  as  tJiat  rf-ijuired 
to  raise  it  from  15°  C.  to  16''  C.  Conse<iuently  the  unit  of  heat 
quantity  w  often  taken  to  be  the  amount  of  heat  ie<]uir('<l  tu  rais** 
one  gram  of  water  from  15°  C.  to  16°  C-.  This  is  called  the  gram 
calorie  at  15°  C,  or  the  mean  gram  calorie  or  the  lesuvr  calorie. 
When  the  foot-pound-s<»i'ond  system  of  units  is  oniplove<l,  the  unit 
of  heat  quantity  is  usuallx'  taken  to  bo  the  heat  rn|uired  to  raise 
the  temperature  of  one  ix)und  of  water  from  60°  F.  to  61  ^  F.  This 
ia  I'ulltHl  the  British  thcrtmd  unit  al  fiO°  F.  In  the  following  pages 
the  former  unit  will  be  referred  to  as  the  "  ealone  "  and  the 
latlur  a«  the  "  B.t.u."  Another  fre(iuenlly  employed  unit  of 
heat  quantity  is  the  greater  or  kilogram  calorie.  The  kilogram 
calorie  etjuals  1000  gram  or  lesser  ctxlorics. 

The  relation  between  the  calorie  and  the  erg  can  be  found  by 
various  methods  in  which  work  is  turned  into  heut.  For  example, 
if  water  be  chunictl,  the  cnerg>*  sui>pli('ii  can  Ir'  measured  in  ergs, 
and  the  heat  developed  can  be  measured  in  calorics.  It  is  found 
that  to  develop  one  cjilorie  of  [jeat,  there  nuist  l>e  suppliwl  4.19 
(10')  ergs  of  work.  Hence  the  luechanical  equivalent  of  heal,  that 
is,  the  number  of  work  units  in  one  heat  unit,  is  4.19  (10^)  ei-gs  per 
calorie.  In  aubset|uent  problem  work  we  shall  use  the  approxi- 
mate value  4.2  (10^)  (^rgs  |K'r  calorie. 
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SoLVEU  Problems 

pROBLKM. — Fmm  the  definilioiis  of  the  tw(i  units  of  heat,  find  the  numt 
of  CAlories  in  one  1 V  t  u 

Solution. — 1  B.t.u.  will  raise      I  lb.  water  1"  F. 
"  *'   454gin.       '*     " 

**  "   454X1        "     *'C. 

Therefore,  1  B.t.u.  equals  252  calories,  nearly. 

Problem. — Assuming  Mml  the  mechiuikal  equivalent  of  heat  is  4.19  (lO*) 
ergs  per  rnlorio,  find  the  value  of  the  ine4'h.niiieal  priuivjiient  of  heal  ex]>r 
in  foul-|x>mitls  \h't  liritinh  theniml  utiit 

HoLtmriK — ]|,IH)().I>0U  dynoH'nw  will  miw  1  gram  of  water  1*  C. 

1M«M'*^,^_        - 

cm  .-gin. 

980  ^ 

41.9t)0.(KX) 
980X30  5 

4!.900.(X)0 


ft.-gm.  *'     " 

ft -lb.  "     '^      1  i>ound 


r  F. 


9H0X30  5 

4i.9fKMX)lJ(8) 
980X30.5 

Therefore,  778  ft  -ll».  of  wurk  will  tlevelop  I  B.t.u. 

201.  Thermal  Capacity  and  Specific  Heat.^If  the  sau 
quantity  uf  lu*at  Ix'  iniparti'<l  to  iHjua!  tiitisses  uf  wat<»r  and 
mercury  at  tht*  saino  toriipomturr,  it  will  U*  found  that  the  tem- 
perature of  the  inerruiy  will  ix'  riiisfd  vay  nuieh  more  than  that 
of  the  water.  In  geiRTal,  dilTrceiit  ([nantititw  of  heat  are  reqtiired 
to  change  the  teniixM'Uturos  of  *JifTcrci»t  Ixidies  by  e<]ual  atnounts. 
The  ratio  of  thn  heat  rocpiiro<l  to  rhnngo  the  temperature  of  a  bodj^l 
to  the  ehanRC  in  l^'uiperatun;  theix-by  prf>du<x'd  is  called  the  mear^^ 
tkennal  capacity  of  the  htxiy  f<jr  the  ^iven  rimRC  of  teniperattire. 
Thus,  if  //  miits  of  licat  are  riKitiired  to  change  the  teniperatiiro 
a  body  from  /a",  to  /|°.  then  \\w  mean  thermal  capacity  of  t 
bod^^  between  /a"  i^nd  i|**  is 
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If  ii  =  (<2-f  l)i  tl^>s  ratio  is  called  the  thermal  cnpiicity  of  the 
6o«iy  nt  <2*.  The  thenjial  capacities  of  IxjiJies  are  different  at 
diffepciU  temperatures,  and  their  mean  thermal  capacities  are  dif- 
ferent for  difTereiit  temperature  ranges. 

If  the  mean  thermal  capacity  of  a  bo<ly  be  divided  by  the  mass 
of  the  body,  the  quotient  obtained  is  called  the  mean  thermal 
cnpnoit/  of  the  substance  of  which  the  body  is  cornposwl.  Thus, 
representiug  by  c  the  mean  themial  capacity  of  a  given  substance, 


(127) 


In  this  eciuation,  suljstituting  for  C  the  value  obtained  from 
i). 

^'  (128) 


c~ 


mHi-t^y 


Whence,  the  fhean  thermal  capacity  of  a  subHt^ince  numerically 
equals  the  number  of  units  of  he^t  refiuire<l  to  <'hange  the  tem- 
perature of  unit  mass  of  the  substance  one  degree. 

Solving  the  al)ove  equation  for  //,  we  have  for  the  number 
of  heat  unit^  require<l  to  raise  the  temi>erature  of  a  mass  m  of  a 
flfilBtanee  of  mean  thermal  capacity  c  from  temperature  I2  to  t\, 


H^mc(ti-to), 

The  diflference  in  the  thermal  ca- 
pacities  of   various  suhstances   may 
be  illustrat^xl  by  means  of  the  appa- 
ratus  represented  in  Fig.  213.     This 
consists    of   four   cyhnders   of   equal 
maasea  and  external  dimensions  made 
of  iron,  brass,  tin  and  lead.     Wlien 
&U  the  cylinders   are    raised    txi   tlu^ 
ttme  temperature  by  being  immersed 
in  hot   water  they  arc  pla(^etl  on  a 
cake  of  parafhu  wax. 

Each    cylinder   melU   a   Ik >le    ij  1 
the   wax  until   its   temiwTaturc  has 


(129) 


Fio.  213. 
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fallen  to  the  meltiiip  [Xiint  of  the  paraffin.     The  iron  sinks  deei 
into  th**  wax,  ihen  l)ra.s.s,  tin,  and  le:i<i,  in  tlic  order  named.     TJii^^ 
experiment  shows  that  in  cooling  throiij^h  the  same  tem|x«rHtun^| 
ranjrc,    t'<|ual   tnaAse.s   of   different    sulistanees   give   up   different 
quaiilities  of  heat.     That   i.s,   tlie  Ihernjal  rapacities  of  different. 
substances  are  different;    that   of    iron    is  p-eat4^r  than  that 
brass,  that  of  brasii  is  greater  tliau  that  of  tin,  tliat  of  tin  is  greats 
than  that  of  lead. 

The  ratio  of  the  mean  thennal  capacity  of  a  given  substance 
for  a  )g;\vi-*n  teni|x^vat»ire  ranp^,  to  the  thermal  capacity  of  water 
at  lo°  C*  is  callett  the  ttieatt  specific  kval  of  the  sut>Ktunc<»  for  the 
aaaigTYCti  range  of  icmptTature.  Thus,  repreaeuling  by  s  th^| 
mean  s]K»cifn'  heat  of  a  siil)*'tance  which  for  an  assigned  t-empera- 
turc  range  has  u  mean  thennal  eai>a(!ity  c, 


I 
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where  c'  is  the  thermal  rapacity  of  water  at  15*  C* 

P>orn  the  definition  of  unit  tjuantity  of  heat  (Art.  200),  the' 
thermal  capacity  of  water  at  15"^  C  is  one  calorie  per  gram  per 
degree  centijirade.  Consecjiiently,  the  specific  heat  of  a  substiincrfJ 
numerically  equaU  the  mean  thennal  capacity  of  the  substnnre 
for  the  same  temperature  range.  And  since  the  thermal  capacity 
of  water  is  nearly  the  same  at  all  temperatures,  and  the  thermal 
capacity  of  other  substances  does  not  vary  greatly  with  tempera- 
ture, there  is  little  error  in  taking  the  sjxjcitic  lieat  of  any  suli- 
stance  to  be  numerically  equal  to  its  mean  thermal  capacity 
for  any  ordinar\'  temperature  range. 

202.  Water  Equivalent. — The  mass  of  water  which  hiw  a  thei 
mal  capacity  e<^ual  to  that  of  a  given  body  is  (^lletl  the  wai 
eqaivakni  of  (he  body.     It  is  the  mass  of  water  which  requires  tl 
siunc  quantity  of  heat  as  the  given  body  iu  ortler  to  change 
temperature  one  degree. 

The  amount  of  heat  re<]iured  to  produce  a  temperature  change 
of  one  tiegree  of  a  body  of  uia^ss  m  and  thei'Uial  capacity  per  miit 
mass  c,  is  cni.     If  the  mass  of  water  which  i-equires  the  same 

*  Or  00^  F.,  U  Uie  F.P.S  system  of  units  is  etnployKL 
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quantity  of  heat  an  the  given  body  in  orricr  tf)  proda(»c  the  same 
change  of  teraperatiire  be  denote<l  by  e, 

le  =  c7n. 

That  is,  the  water  equivalent  of  a  body  of  niass  m  and  thermal 
capneity  per  unit  nuuss  c  e<iual8  cm. 

If  the  mass  of  the  }x)dy  and  the  thermal  capacity  per  unit  mass 
be  unknown,  the  wut<'r  txjuivalfiit  can  Im*  t^\periI]l[Ultally  deter- 
mined by  the  method  descriU^l  in  the  following  Article. 

203.  Detennlnation  of  Thermal  Capacity  by  the  Method  of 
Mixtures.-  Experiment  indicates  lliat  when  a  nuinlHT  of  bodies  of 
different  teinperatun.^  hr*  l>rought  U.>gether,  the  amount  of  heat 
lost  by  the  bo<lies  that  fall  in  teiiiperiiturc  fX|uals  the  amount  of 
heat  gained  by  the  iMxlics  tliat  ruse  in  tem|H?rature, 

In  the  Method  of  Mbctiires  the  specimen  whose  thermal  ca- 
pacity is  rccjuired  is  raisetl  in  teniijcraturu  and  then  iimners*4l  in 
liquid  at  a  lower  temperature  contained  in  a  suitalile  vcsm'1  pro- 
vided with  a  thennometer,  stirrer  and  otlier  acceswjrit^.  An 
mparatus  for  the  meitsurement  of  heat  quantity  Is  culled  a  calorim- 
'mer.  In  the  present  case,  the  calorimeter  kiciiidew  the  vcbsel  in 
which  the  mixing  occurs,  the  thermometer  and  the  stirrer,  .\fter 
immersion,  the  specimen,  the  cal< trimeter,  and  tlie  containtnl 
liquid  attain  a  common  teni|xTalnre.  The  sfw^cinien  loses  heat, 
while  the  calorimeter  and  its  contents  gain  heat.  If  the  sy»tenj 
neither  g:ain8  heat  from  the  surroundings  nor  loses  h(*at  to  the 
surroundings,  then  the  amoimt  (if  heut  lost  by  the  specimen  ei}utd.s 
the  sum  of  the  quantities  of  heat  ^ined  by  the  Uquid  and  by  the 
calorimeter. 

Consider  a  specimen  of  mass  tn,  thermal  ca|x»city  c  and  tem- 
perature Mo  be  placed  in  a  mass  tn\  of  licjuid  of  known  thermal 
capacity  C|,  and  temperature  t*.  I>et  the  common  t^mfX'rature  of 
the  system  after  the  iinniersion  of  the  spcrimen  \yc  ti.  Then  the 
heal  lost  by  the  specitncn  is  cni{(  —  ti)t  and  the  he^it  gained  by  the 
liquid  in  the  calorimeter  is  cimi(/|  — (-j).  llepresenting  the  water 
equivalent  of  the  calorimeter  by  e,  the  amount  of  heat  f^aineil  by 
the  calorimeter  is  ie{ti~-ta). 
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Consequently,  if  the  calorimeter  and  its  contents  neither  gain 
heat  from,  nor  lose  heat  to  the  surroundings,  we  have  the  equation 

(Heat  lost  by\  _  /Heat  gainedX      /Heat  gained  by\ 
specimen    y  ~  I    by  liquid    /      \    calorimetra-    J 

cm{t-ti)  =  cmi  (h  - 12)  +  l€{ti  - 12).  .  .  (130) 
From  this  equation  the  value  of  c,  the  thermal  capacity  required, 
can  be  obtained  when  e,  the  water  equivalent  of  the  calorimeter, 
is  known.  If  the  masses  and  thermal  capacities  of  the  materidb 
composing  the  calorimeter  be  known,  the  water  equivalent  can  be 
obtained  by  computation  as  explained  in  the  preceding  article. 
Often,  however,  these  data  are  unavailable.  In  this  case  the 
water  equivalent  may  be  obtained  from  another  experiment  as 
follows.  Jjet  a  mass  m'  of  hot  water  at  temperature  t'  be  poured 
into  a  calorimeter  containing  a  mass  m\  of  colder  water  at  tempera- 
tire  /'2.  Let  the  temperature  of  the  mixture  be  t'u  If  no  heat  is 
cither  lost  to  the  surroundings  or  gained  from  the  surroundings, 
then  the  heat  lost  by  the  hot  water  equals  that  gained  by  the  cold 
water  plus  that  gained  by  the  calorimeter.  That  is,  since  without 
sensible  error  we  may  consider  the  thermal  capacity  of  water  for 
all  temperature  ranges  equal  to  unity, 

(Heat  lost  by\  _  /Heat  gained  by\       /Heat  gained  by\ 
hot  water  /  ~  \     cold  water    /       \     calorimeter    / 

lw'(('-r,)  =  lm',(/'i-/'2)  +  le0'i-<'2).         .      .      (131) 

Since  every  quaYitity  in  this  e<|uation  except  e  is  known,  the 

water  (equivalent  of  the  calorimeter  can  be  dctonnine<l.     On  sulj- 

stituting  in   (130),   the  value  of  e  thus  obtainotl,  the  thermal 

capacity  of  the  given  si)ocimcn  may  Ik»  ilctc^ntiiiKHl. 

Approximate  values  of  the  mean  spcicific  heatj^  of  some  ordinary 
sul>stances  are  given  below: 

Aluminum 0.219  Lead 0.032 

Alcohol  (ethyl) 0.085  Nickel 0.113 

Brass 0.093  Paraffin  (solid) 0.560 

Copper 0.093  Paraffin  (liquid) .'.0.710 

Granite 0.1^3  Silver 0.056 

Hydrogen  {const,  press.) 3.4  Turpentine 0.467 

Hydrogen  (const,  vol.) 2.4  Water 1.000 

Iron  (wrought) 0.108  Water,  ice  (-20  to  O"  C). . .  .0.504 

Iron  (steel) 0.117  "  -m  (lOO*  to  125*  a)0. 4TO 
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204.  The  Two  Specific  Heats  of  a  Gas, — If  a  substance  expaitdt) 
lis!  a  (orf(\  it  will  do  work  at  the  expenso  of  either  erierjo' 
iM  fniiu  outside  or  the  internal  energ>'  of  the  substance. 
If  heitt  be  imparted  to  a  ga.s  there  will  uE;uaIIy  be  an  inereaae  of 
t^^niperature.  If  the  volume  increa^e^,  the  gas  thereby  doing  work, 
the  riat"  in  teuiixTutuiv  will  ]iv  less  than  it  wiiuld  l>e  if  the  volume 
had  remainnl  constant.  It  follows  that  more  heat  is  reqtiii-ed  to 
raise  the  t<Mn|H*iiiture  of  a  specimen  of  ga.s  by  a  given  amount  when 
the  volume  changes  than  when  the  volume  remains  eonst^int. 
Consequently,  the  apc'cific  heat  of  a  gas  at  constant  pressure 
is  greiiter  than  the  sjK'cific  heat  of  the  same  specimen  at  constant 
volume^  For  example,  the  ratio  of  the  MiM^'ific  heat  of  oxygen  at 
constant  pressure,  to  the  specific  heat  at  constant  volume,  at  0°  C, 
i»  1.4. 


SoLVKD  Problem 

Problem. — An  audience  of  a  thousand  people  i«  assembled  in  a  church 
on  an  evening  when  \\ie  out-door  temperature  is  40"  F.  In  order  to  ventilate 
the  room  elficieully  uir  mual  t»e  introrJucetl  at  the  rale  of  one-third  of  a  cubir 
foot  fier  ^eond  for  each  i)erson  present,  and  for  the  »kke  of  comfort  it  must  b» 
warmed  Uy  TO*  V  Kind  tt»e  amoimt  of  heat,  expressed  in  liritidh  tliermal  units, 
t\tat  must  Itr  supplied  in  1  .'i  hotire,  nasuininfc  that  a  cuhjc  foot  of  air  weigha 
1  3  uuimx':h,  and  it^  s|>t>ri5c  lutit  in  O.'M 

8oLi*TloN .— The  heat  gained  by  m  \\t  uf  air  of  8|»ceific  heat  0.24,  in  rising 
rmm  4t»''  P  to  70"  F  ^ 

i-nn((,-M-«^*»t.HJt'0XiX7^"X  1.6x3t)00)  (70-40) - B.t.u. 


Qc*ESTIOKe 


1.  What  are  the  ronrlitioiiH  wKicli  govern  tlie  rboiee  of  routeriais  usinj  in 
Uieruionif-tera?  (^omjijirc  alcohol  and  niejoury,  each  in  gla&s,  ua  to  the  alK)ve 
nmclitiouH 

%  Dt^rritip  ih«  mt.Tcury*in-gla^  thermometer  and  frtnte  ita  advajit«gf»  and 
Ivantiig**'*,  n/t  c^nnparecl  with  a  hydrogen  thermometer. 

A  mfreurijiJ  und  nn  alcohol  thermometer  have  their  scales  divided  into 
•'<Hia!  Hpni-t'n  \ti'lvf*'fn  ihc  freezing  and  tlie  Injilnig  jioinLs  of  walcrr,  D^jcs 
unc  divixum  on  the  mercurial  thermometer  reprps*efit  the  same  vjiriiUinn  in 
ifiWpemtutf  u  ooe  division  on  the  alcohol  thermometer? 
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4.  luNiesigning  a  mercury-in-glass  thermometer,  how  would  the  foUowiog 
changes  affecVl^e  reading? 

(o) — an  enlargement  of  the  bore; 

(&) — an  enlargement  of  the  bulb; 

(c) — a  downward  displacement  of  the  scale; 

(d) — air  above  the  mercury  thread; 

(e) — ^placing  the  thermometer  in  a  horizontal  position. 

6.  Two  metals  of  equal  mass  but  unequal  thermal  capacities  are  heated 
through  the  same  range  of  temperature.  How  do  the  quantities  of  beat 
absorbed  by  each  compare?  Two  metals  of  equal  volimae  but  unequal  den- 
sities and  specific  heats  are  heated  through  the  same  range  of  temperature. 
How  do  the  quantities  of  heat  absorbed  by  each  compare? 

6.  E)qual  masses  of  two  liquids  are  placed  in  similar  vessels,  suspended  in 
a  room,  and  allowed  to  cool.  If  during  the  same  time  No.  1  falls  throui^ 
twice  the  difference  of  temperature  through  which  No.  2  falls,  how  do  the  ther- 
mal capacities  of  the  liquids  compare?     Explain  fully. 

7.  With  a  piece  of  platinum,  water,  calorimeter,  standard  masses  and  scales 
at  your  command,  how  would  you  proceed  to  determine  the  temperature  of  a 
furnace?    Explain  fully. 

§  2.  Change  of  State. 

205.  Transfonnation  Points. — If  heat  be  abstracted  from  a 
mass  of  steam,  the  temperature  will  fall  until  a  certain  tempera- 
ture is  reached.  If  the  abstraction  of 
heat  be  continued,  the  steam  will  gradually 
condense  without  any  change  of  tempera- 
ture until  all  of  the  steam  is  condensed. 
After  all  of  the  steam  is  condensed,  a 
farther  abstraction  of  heat  will  produce  a 
fall  in  the  temperature  of  the  water  until 

g^*** another  certain  temperature  is  reached.     If 

Fio.  214.  the  abstraction  of  hedl  be  continued,  the 

water  will  gradually  soHdify  without  any 
change  of  temperature  imtil  all  of  the  water  is  frozen.  After 
all  of  the  water  is  frozen,  a  farther  abstraction  of  heat  will  pro- 
duce a  fall  in  the  temperature  of  the  ice.  The  relation  between 
the  temperature  and  time  for  ordinary  water,  in  cooling  from 
above  100**  C.  to  below  0**  C,  is  given  by  the  full  line  in  Fig.  214. 
Hie  points  at  which  the  temperature  ci  a  aubfltanoe  is  unchanged 


CHANGE  OF  STATE 


261 


■ 


by  an  abstraction  (or  a<UIition)  of  heat  are  called  the  transfor- 
malton  paints  or  Irajusjorvmiinu  temperatures  of  the  i^iveti  (sub- 
sUuDoe. 

At  the  tratisformatiou  temperatures  a  body  that  is  fitlling  in 
temperature  emits  heat,  and  a  body  that  is  rising  in  temperature 
absorbs  heat.  For  this  reason  the  transformation  |>ointti  obtained 
in  pooling  are  called  recalescence  points^  and  those  obtained  on 
beating  are  called  decale^cerice  points.  For  some  substaneea 
the  recalescence  pointa  do  not  coincide  with  the  decalescence 
points. 

Water  has  two  transformation  point.s — one  at  the  temperature 
at  which  steam  condenses  ijito  water  and  another  at  the  tempera- 
ture at  which  water  freezes.  Many  substances  have  more  than 
two  transformation  pointa.     For    exuiiiple,  besitles    the  freezing 
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Fig.  215. 

and  vaporizing  points,  solid  steel  may  have  one,  two  or  three  other 
trBnaforniation  points.  The  number  and  tlie  teniix'rature  of 
these  points  dei>end  upon  ihe  amount  of  carlion  present.  The 
transformation  points  ou  cooLng  steel  of  various  carbon  cont^^nt 
are  indicated  in  Fig.  215.  At  these  jMHnt.s  occur  changes  in  the 
volume,  hardness,  cr>'slalliiie  structuie  and  fijjcness  of  grain  of 
the  steel.  These  changes  do  not  take  place  instantly  but  extend 
over  an  appreciable  time. 
^  The  physical  properties  of  steel  at  any  particular  temperature 
V<4ui  be  rendere<^l  practically  pemianent  by  sudden  cooUiig  or 
■  quenching.  This  is  the  basis  of  hardening  and  tempering.  The 
I  ptoceeB  of  annealing  consist*  in  slowly  heating  the  specimen 
I  to  the  temperature  at  which  the  desired  size  of  grain  occurs,  and 
I    then  cooling  the  specimen  so  slowly  that  thei-e  is  sufficient  time  for 
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the  crystallinp  sinu'ture  to  change  to  thnt  which  is  normal  to 
at  atinaspherir  li'inporalures. 

The  aciditioii  to  stofl  of  certain  amounts  of  tunpsten,  chronuii 
or  vanadium  causes  an  elevation  of  the  triuisformation  points 
the  temperature  of  red  lieat.     Such  steels  will  hold  a  cutting  edf 
even  when  at  a  dull  red  heat.     In  machine  shop  practice  th< 
alloys  arc  called   "  high-Rpe«?d  "  steels. 

206.  The  Melting  Point.^If  heat  Ix;  added  to  a  piece  of  ice  at. 
temixirature  below  0*  C\,  the  ice  will  rise  in  temperature  until  it 
attains  0*  C,  A  further  addition  of  heat  is  accompanied  by  a 
change  of  part  of  the  solid  to  licjuid  without  alteration  of  tem- 
perature. If  heat  l>e  added  while  part  of  the  sui*stance  is  solid  and 
|«irt  is  liquid,  some  of  the  solid  will  melt;  wliile  if  heat  be  taken 
from  the  mixture,  some  of  the  lirjuid  will  sulidify.  But  so  long  as 
Ijart.  of  the  specimen  is  8oiid  and  part  is  liquid,  and  the  mixture  is 
well  stirred,  the  temperature  will  remain  crmstant  however  ii.ueh 
heat  is  aihled  to,  or  taken  from  tlie  mixture.  The  temperattzre  at 
which  the  solid  and  Hfiuifl  states  of  a  substance  can  exist  together 
in  ec^uijjbrium,  is  calletl  the  fusion  yoint  or  meltintj  point  of  the 
given  substance.     The  melting  point  is  a  transformation  point. 

Every  crAstalline  substance  has  a  definite  melting  points     For 
such  a  suljstance  the  temperature  at  which  melting  begins  is  the- 
same  as  that  at  wliich  solitlificatioi;  begins.     Hut   non-crystalliae 
su!jstance.=i,  such  as  glass,  inui  arwl  ]>:ii'a(hn,  soften  and  so 
gratlually  into  the  Uquid  state.     These  .substances  have  no  definit 
molting  point.     Tlu^  tenijxM'atun*  at  whieli  non-cr>*stalline  sub- 
stances begin  to  turn  from  the  solid  to  the  lirjuid  state  is  not  the 
temix^ratureat  wliicli  they  U^gin  t-oturn  from  Ifu*  liquid  to  the  solids 
state.  ^ 

The  melting  point  of  an  alloy  cannot  Ik*  computed  from  the 
melting  points  of  the  components.     For  example,  a  mixture  o£^ 
four  partri  by  weigh!  of  bisnnUh  (melting  [wnnt  2f)9°  C\),  one  pariH 
of  cadmium   (melting  [xijnt  320°  C),  two  parts  of  leml  (melting 
point  327°  C),  and  am*  part  of  tiu  (melting  point  232°  C),  maki 
an  alloy  that  mell^  at  61°  C. 

A  solution  freezes  at  a  lower  temperature  than  the  pure  solvent 
The  depression  of  the  freezing  point  is  proportional  to  the  sum 
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the  number  of  molecules  and  of  ions  contained  in  unit  mass  oF  the 
pure  solvent. 

On  melting  and  on  solidifying,  most  subslAnccs  abruptly  change 
in  volmnp.     A  few  ex|nind  on  solidifying  as   water,   antiimmy, 
bismuth  and  gray  cast  iron.*    The  greater  niiuilK^r,  however,  con- 
tract (hu-iiig  solidifying,  as  wax,  copper,  lead  and  white  cast  iron. 
On  account  of  this  fact  sharp  Civslings  can  h<»  taken  of  suKstances 
Ivhinging  in  the  fii-st  class,  Imt  not  of  sulist anr<«  in  the  second  class. 
207.  Undercooling.^A  liquid  not  in  contact  with  any  of  the 
S)lid  .sul«>tan(*e  can  Ix*  cf>oleil  below  the  nirlting  ix)int  without  solid- 
ifying.    For  example,  by  very  gradually  eonling  air-free  water  in 
i^Mlixl  <'apillar>'  tubes  the  teni]x»rature  can  Ix^  reduced  to  — 16°  C, 
before  freezing  oci'ursl     Tlu*  adilitinn  of  a  frngment  of  the  solid 
to  Ihe  imdercooled  liquid  will  induce  equihbrinin  and  the  li(|uid 
wrfll  quickly  solidify.     When  a  snlwtance  stjlirlifii^  it  gives  out  heat. 
Wlien  an  under-pooled  liquid  solidifi'vs  Ihe  iieat  thereby  given  out 
raL*«os  tlie  teuiju'ratun.'  to   the  ordinary  sohdifying  i>oint.     The 
undercooiiiig  of  water  is   indicated    by  the   dent   in   the  curxt?, 
Fig.  214. 

Wlien  a  piece  of  red-hot  steel  is  cooled,  Ihe  temperature 
falls  somewhat  Ix'low  a  transfomiation  point  Ijefori-  tlir  physiral 
and  chemical  tran.sformations  occur.  When  Ihesf  transfDniiatitm.s 
begin,  there  is  a  wudden  evolution  of  lieat  and  ri.se  of  terii|H'ni1un'. 
The  undercooling  and  recalescencc  of  steel  are  strikingly  shown  by 
I  heating  a  wire  t^j  a  nni  heat  by  mean.s  of  an  electric  C(irr4'nl  and 
I  then  switching  off  Ihe  current.  As  the  wire  (hmvIs,  it  will  InTome 
I  Almost  black,  when  suddenly,  as  the  transformation  i>oint  is 
Ljpeached,  it  will  glow  brightly. 

Ordinary  water  freezes  at  0"  C.  Alr-frpp  wnt^^r  must  bo  aiidpniiolpd  before 
it  will  bcKin  to  frreze.  But  a«  soon  a.s  srilJiliHratinn  b(T5in?4,  it  procce^is  murli 
mnre  rapidly  than  in  Ihc  raw;  of  nrilirmry  wut^r. 

It  is  a  matter  ol  ronimon  roinjirk  thnt  whnn  I  ho  plumbing  of  a  reaidiiticf 
frecjE«si,  it  is  the  pijK^  from  tlic  hoi  watrr  t.iiik  tli.-il  fitHt  bnrRt..  The  rea«<ni 
tfl  that  aft  Booa  ti*  the  teiuperaturr  tx'rinnes  utilliricnUy  Icnw,  the  air-frw  Iwilrd 
water  in  the  hot  wat^r  pii>cs  quickly  fn^rzcs  t]u*n»by  suddenly  cxpaiuliriK 
rtutward  with  aufficient  force  to  bur>t  Ujp  slronp:nwt  jnpcn.     Though  the  wnter 

*  Gray  rul.  iron  ii  ft  mechanical  mixture  of  impurn  iron  with  uncombitird  ^raphiti  . 
White  emaX  iron  ia  a  •olid  totutioa  or  sUoy  of  iron  carbide  and  impure  iron. 
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in  ihp  cold  water  pipes  will  begin  to  freeze  at  a  higher  temperature,  the  i 
will  furiu  more  slowly  at  \he  surfaec  of  the  [)ipcs  and  will  expand  inward 
nrt-oiuit  of  the  air  in  the  water,  this  iei*  will  be  jKiroua.     Not  only  will  there 
be  n  Pinallcr  burfitiiig  force  develui>ed  by  the  frwzing  of  ordinary  water,  but  if 
the  pi^KS  are  of  c<iiial  di<Lmeter,  the  ordinon*  water  will  not  all  be  frozen  till 
after  the  air-free  ^\'atcr  has  solichfied. 

208.  Change  of  Melting  Point  with  Pressure. — If  by  the 
application  of  pressure  a  substance  that  e-xpands  on  solidification 
ii^  pR'VPuk'd  from  ex|)anding,  more  heat  mu>it  be  taken  from  the 
substance  to  caust*  it  to  solidify  than  if  the  bo<:ly  wore  allowed  to 
expand  freely.  For  example,  to  cause  water  to  freeze  when  su 
jected  to  a  pressmv  <.if  100  atrnosphere-s,  (hei-o  must  be  un  ab- 
straction of  heat  i^iiffiticnt  to  lowe4*  the  te.mjxTature  to  —  1**  C 
Conversely,  ice  at  —1°  C  will  melt  if  Hubjeeted  to  a  pressure 
100  atm*}spheres.  This  phenomenon  is  descrilxnl  by  the  state- 
ment that  pi*essure  hiweni  lh(^  freezing  i>t>in(  of  siibstanee-S  that 
expand  on  fiolidification.  This  is  a  special  case  of  the  general 
principle  einiru'iate<:l  by  Le  Chatelier — when  a  system  in  equi^ 
litfnuin  is  siihjcct  to  a  conMraint  by  ivhich  the  equilibrium  is  til- 
teredf  a  reaction  takes  place  which  opposes  the  constraint,  " 

This  afl'ordB  on  explunallon  of  the  fart  that  two  pieces  of  ice  can  be  caused 
to  freeze  firmly  together  by  simply  pressing  them  into  contact.  Suppow  two 
pieces  of  ice  are  forced  together.  At  the  (Mjints  of  contact  ihc  pressure  is  so 
gn-at  ihat  at  these  points  the  melting  point  of  the  ice  is  appreciably  lowered. 
Thai  is,  at  the  ]>oints  of  contact,  (he  iictuul  temperature  of  the  ice  is  above  the 
temperature  at  which  i«!  ciin  exint  under  the  present  pressure.  Conaequcntl/ 
ftwion  occurs  at  the  jiointfl  of  contact. 

Melting  reciuires  lieat.  The  heat  Ihat  mcltH  the  ice  at  the  points  of  contact 
is  furnished  by  tlic  surrounding  ice.  As  a  conse<ju.ence,  the  ice  in  the  ncigh- 
birluKHt,  and  the  walcr  formed  hy  the  melting,  art!  at  a  temperature  lower 
than  the  noniial  niching  point.  When  the  melted  ice  is  squeezed  out  from 
between  the  jKiiut'*  of  contact,  it  is  relieved  from  the  extra  pressure.  Being 
at  a  temperature  beluw  the  molting  j)uint  of  ice  under  the  prenent  pressure, 
the  water  refreezes.  In  freezing,  it  gives  out  heat  just  sufficient  to  raise  its 
k'mj)emture  to  the  original  temjMTJiture  of  the  jce.  Tlie  phenomenon  of 
tl»e  refreezing  of  water  from  ice  mcUcd  by  pressure,  when  the  pressure  is 
relievtMl,  is  called    "regchition.*' 

To  regelation  is  due  the  compacting  of  dry  snow  into  a  snowball,  and  the 
impacting  of  dry  ?tiow  inlo  ice  under  the  pressure  of  a  horse's  bcnfA.  The 
flow  of  a  glacier  down  a  valley  is  de{>eudeut  upon  regelation.     U  the  valley 


4 


\ 


I 

a 


CHANOF;  nv  STATE  265 

filled  with  uDOw  iin<1  ico  \tc  ronsitioraMy  inclined  to  Lhe  hori/on.  tlicre  will  be 
AH  «fiortnuui<  foroe  tending  to  niuvc  the  rntiro  mmvi  down  t\w  ineliiav  Tliis 
motjoQ  is  liiiidered  by  the  crookodiKVA  of  thu  valley  and  the  iiiii'veuiiffw  of  the 
bed  &nd  sides.  But  if  at  caeh  uhHtjido  the  ico  yiclda  under  the  force  due  to  the 
vei|chl  of  the  inu^  furlticr  up  the  valley,  and  then  rcfreezcii,  the  entire  masp 
will  icradimlly  advance  down  tlie  incline. 

On  the  other  hand  pressure  Is  favorable  to  the  freezing  of  a  substance  tliat 
eontr»cte  on  sohdification.  Thus  pressure  raises  the  melting  point  of  sub- 
•iMlCiA  Uiai  (mittmct  on  solidification.  For  example,  under  n  f)ressure  of  UHI 
Ataiospheree  the  melting  ixiint  of  itarafHn  La  3°  C.  higher  than  at  atmospheric 


209.  Heat  Equivalent  of  Fusion,— When  heat  is  imparted  to  a 
solid  body  at  the  ineltliig  ix>int,  fusion  Ls  produced  without  change 
of  teuipi'niturv.  When  heat  is  Ml>sfrarU'tl  fmin  a  lifiiiid  at  the 
fret'zing  ixjiiit,  freezing  orcurs  witlmut  idum^o  of  toiu|x?iatun'.  In 
the  case  of  an  under-cix)le*l  li(|ijid,  the  ternperatin*e  rises  to  the 
freezinjc  point.  In  melting,  Iteat  is  ahnnrlx'd.  In  freezing,  heat 
Ls  Riven   ont- 

In  order  to  melt  a  unit  mass  of  any  sul)8tance  there  must  be 
imfwrted  to  it  a  definite  fjuantity  of  heat  which  Ls  different  for 
<lilTerent  substances.  Thus,  to  molt  one  grain  of  ice  at  0°  C, 
rcqtiires  the  expenditure  of  80  calories  of  hejit^  anil  to  melt  one 
^n*ain  of  gray  cast  iron  at  ils  meltine  point  recjuires  about  25 
Ciilories.  The  ratio  of  tho  heat  nsod  in  nulling  a  substance  at  its 
melting  point,  to  the  ma.ss  melted,  is  called  the  heat  equivalent  of 
fumon  of  lhe  given  siilwtantv. 

Thus,  if  //  units  of  heat  are  refjuired  to  melt  a  uiass  m,  the 
value  of  the  heat  e(|uivalent  of  fusion  in 

/.,=- (132) 

The  heat  equivalent  of  fusion  is  measured  in  calories  per  gram, 
B.t.u.  per  pound,  etc. 

From  the  fact  that  the  heat  alisorbe<I  by  a  body  during  fu- 
sion dfics  not  change  the  lenipcrattire  of  the  body,  at  the  time 
when  heat  was  considered  to  be  a  foj'm  of  matter,  it  wits  sup- 
posed that  the  heat  absorl>ed  during  fusion  exists  in  the  ineltc<l 

y  ill  a  hidden  or  latent  fonn.     Tims,  heat  absorbed  during 
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fusiou  was  tlifti  ciLlk-il  the  "  hitcut  heat  "  of  fusion.     But  since 
has  hven  proved  that  heat  is  a  fomi  of  energN',  wr  Ix^Iieve  thi 
the  ht'ut  uhsorlK'tl  \}\  (he  body  dariii^i;  fusion  doe8  not  exist  in 
the  ineUt'il  inxly  as  heal,  but  as  some  form  of  potent iiil  energy. 
Consequently,  the  exiiression  "  latent  heat  of  fusion  "  is  now  o\ 
of  date  and  has  given  place  to  the  term  "  heat  equivalent 
fusion.'* 

Solved  Phobi.gm 

PiiOBi.KM. — AHfiuiiunf;  that  SO  falorics  of  hnit  will  nicll  niu*  f^miii  of  ice  at 
I  111!  Mu-lliriK  |>(>i[it,  fiiu)  tlu-  nuiiihcr  of  H.t.u.  roquin*d  to  melt  one  [tuund 
ice*  at  the  aauio  temperature. 

Solution". — SO  Km."  C.  units  of  hciit  will  nipll   1  nm.  iro. 
SO!b.°  (!  uriit-sdFhi'jii  will  imli  1  IIj.  ii-o 
80  (?)  Wk"  v.  unit**  of  hral  will  uh*I1  1  lb.  ti\\ 
/.  144  IM  II.  jiro  rc'fiuirod  to  mHl  on*'  (khiihI  nf  ioe  at  thr  nicliinjj;  point. 


210.  Detenmnation  of  the  Heat  Equivalent  of  Fusion  by  the 
Method  of  Mixtures. — Let  the  specinion  !«*  placed  in  a  liquid 
of  Hueh  a  mass  and  at  sueli  a  lemj)eralure  that  it  will  be  incited 
and  the  melted  sul)stance  raised  to  a  temiwrature  above  the  melt- 
ing iMiJiit.  if  the  initial  femix'ratun>  weiv  l>elow  the  melting  |)oiut> 
the  thermal  chanjirs  arc  as  follows.  The  si>erinicn  Ls  raised  in 
temperatm-e  to  the  ineltiuK  jMiinl;  it  in  nu'lted  witiiout  ehange  of^ 
temiM^rature;  the  meh.o<l  substanee  is  rais<»d  to  a  tem|x'n»tiire  alxniyH 
the  iiieltiujc  jHHiit.  Thf  luUirimeter  anil  eontainetl  li(]uid  fall  in 
temix'ratuiv   to   iho   iinal   teuiix'raturo  of  (iie   melted   specimen. 

If  the  solid  sj>ecinien  wei-e  of  mass  m,  temrH-mtiire  /  and 
thermal  enpacity  r.  (hen  in  rising  to  the  meUins  |>oint  ('  it  would 
abboib  the  quantity  of  heat  an{t'~l).  U  the  heat  equivalent^ 
of  fusion  of  the  sidistance  were  Lr^  then  in  melting,  the  speeiinedH 
would  absorb  the  tjuantity  of  heat  wL/.  If  the  final  temperature 
of  the  sfiefimen  were  h  and  the  thermal  eapaeity  of  tiie  sulistance 
in  the  liquid  state  were  c',  then  in  nsinjr  from  the  melting  ixAai 
to  the  final  tenqx^ratnre,  the  s|xvinien  woulfl  nbsorh  the  quantity 
of  heat  f'm(^2  — /').  The  total  quantity  of  heat  gained  by  Ihe, 
specimen  would  then  equal 

an{t*-i)'j-mL,+c'm{t2~t'), 


If  the  calorimeter  were  of  water  rMiuivalent  <•,  and  initially  wns 
at  tbo  tcinix'ruture  t\.  then  in  fulling  to  the  final  tein)H'ratin'e  t'j 
the  heat  lost  by  the  ealoiuneU-r  wuiild  U?  {eiti-i^j.  If  llic  Ii<iuid 
ID  the  calorimeter  were  of  mu:^  ?n\  and  thermal  cafttwrity  c\.  then  in 
fulling  from  its  initial  temperature  ^i  to  tho  final  temperature  ^, 
it  would  lose  the  (luanlily  of  heat  cimi{li—tj). 

If  the  sj-stem  neither  lost  heat  to  the  surroiindings  nor  ^ined 
t  from  the  siirroundinps.  the  f|uantity  of  heat  paiiiod  by  the 
imen  must  equal  the  quaiilitv  of  heat  lost  by  (lie  calorimeter 
and  contained  Uquivl.    Therefore, 


cm(t'-i)+mLr\-c'm(h-0  =  U(ti-t2)-\-cimi(ti~hh 


m  wliirh  the  value  of  thoh<^at  equivalent,  L/,  can  he  obtairied 
211.  Heat  of  Solution. — A  solid  can  (liuss  into  the  liquid  state 
by  the  action  of  a  solvent.  To  change  a  soliti  into  a  liquid  by  the 
proci-ss  of  solution  henl  is  retiuirctL  If  heat  is  not  supplied  from 
without,  the  mixture  will  fall  in  tcm]X'ratiirc.  For  example,  by 
disaohiug  anmionium  nitrate  in  an  (fiunl  mass  of  water,  both  at 
0**  C,  a  solution  is  produced  that  has  a  temperature  of—  15°  C.  In 
9omc  Cttftes,  however,  the  C(K)liiij^  action  of  si>luii()ri  is  masked  by 
the  generation  of  heat  due  to  chemical  action  between  the  solvent 
and  s<jhite. 

A  saturated  solution  in  contact  with  undissolved  solute  at  the 
same  temjK-rature  is  in  stabU^  iHiuilibrium.  In  most  castw  the  atldi- 
tion  of  heat  will  cause  more  solute  l<t  dissolve  and  the  alxstraction 
of  h<"it  will  cause  some  of  tlic  dLssolveil  substance  to  ^(t  out  of 
solution.  By  grjulmdly  evaporating  or  eoolinn;  a  saturated  sohi- 
tion  which  (contains  no  undissolved  solute,  an  unstable  condition 
can  l>e  produced  that  is  analogtms  to  the  state  of  unstable  r(|uilil> 
tiurn  existing  in  an  under  cooled  liquid  (Art.  207).  In  the  case 
of  a  sujK'rsaturated  solution,  as  ui  the  ease  of  an  undercooled 
liquid,  wiuilibrium  can  be  intluced  by  flroppitiji:  into  the  solution  a 
fragment  of  the  solid  solute.  The  excess  of  solute  will  quickly 
8f>!idify,  and  the  heat  thus  jiivcn  out  will  raise  the  temfMTatui'e 
of  the  sohitioti.  This  plienomenon  of  sujx^rsjitunited  stilution  can 
be  shown  with  any  highly  soluble  substance.     An  aqueous  solution 


1 


26S 


EFFECTS  OF  HEAT 


of  scKiiuiTi  acetate  Ls  cspecinlly  suited  for  the  exhibition  of 
fall  of  icinpcratiire  tlnn'Tie:  solulion  and  the  rise  of  tcmix;ratujts* 
during  cryst;dlizatioii. 

212.  Freezing  Mixtures. — The  freezing  point  of  a  solution 
is  lower  thaii  that  of  the  pure  solvent.  If  a  ililute  solution  be 
giiidually  cooled,  n  toni[KTatiire  will  l>e  readied  at  which  some  of 
the  pure  solvent  will  freeze  out.  As  (he  solution  beeoraes  moT^| 
eoncentnvtod  a  lower  temjierature  will  1>?  required  to  freeze  out^ 
more  of  the  solvent.  If  the  cor)linE  be  continued,  a  tem[H»ra(urR 
will  be  attained  at  which  the  remaining  oonecntrated  solution  will 
freeze — solvent  together  with  solute.     This  complex  solid  inixttm^ 

is  called  the  cnjohtjflmir,  of  the  two  sulistanct^s.  The  temjx'ralurc 
and  concentration  of  the  solution  when  freezing  occurs  are  definite 
for  any  particular  pair  of  sulistances. 

For  instance,  tht^  crvoh>'<lrute  of  conunon  salt  in  water  consists 
of  23.8  parts  of  salt  and  70.2  parts  of  water,  and  its  temperature  of 
equilibrium  is  —22°  C.  If  salt  and  ice  in  this  proportion  be 
intimately  mixed  the  cr>'ohydrato  is  formed.  If  (his  be  at  a 
temperature  above  —22^^  C,  it  will  melt  until  by  the  abstraction 
of  the  heat  thereby  re<|uired,  the  temperature  of  the  mixture 
becomes  —22°  C'.  Tliis  ]ihcTiomenon  is  the  basis  of  the  action  of 
many  of  the  so-called  *'  freoKing  mixtures.  " 

A  mixtui-e  of  143  parts  of  crA^stallizoc!  calcimn  chloride  and  UIQ 
parts  of  snow,  gives  a  temperature  of  —^i}°  C. 

213.  Vaporization. — At  some  tenijx^ratures  a  gaseous  sul>- 
stauce  can  be  liquefitN^I  by  the  application  of  prt^sun*,  \vhile  at 
other  temperaturert  the  luldition  of  pressure  will  not  pnxluce 
li(pieraction.  When  a  gaseous  substance  can  be  liquefied  by 
pressure  alone  it  is  called  a  vapor.  When  it  cannot  be  liquefied 
by  the  addition  of  pressure  alont^  it  is  called  a  gtin.  TIic  conversion 
of  a  Ufjuid  or  solid  into  vajxir  is  termed  vaporisation.  Four  dif- 
ferent sorts  of  vaporization  can  be  ih.s(inguisheii.  These  are  evap- 
oration, sublimation,  iHiiling  and  the  spheroidal  state. 

214.  Evaporation  and  Condensation. — If  heal  be  added  to 
water  at  a  teiuix^ruture  Ix'low  UX)°  C,  the  watx^r  will  rise  in  t-emper- 
ature,  that  is  to  say,  the  molecules  will  1h»  given  greater  kinetic 
energy.     A  molecule  within  the  liquid  will  be  struck  from  all 
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sides  by  neighboring  molecules,  but  a  molecule  at  the  free  surface 
will  be  struck  only  froui  below  and  on  tht?  sidt;s.  Consequently, 
at  the  surface  there  will  occasionally  be  molecules  moving  upward 
80  rapidly  that  in  si>ite  of  the  attraction  of  the  niolecult»s  below 
them,  they  >vill  escai>e  into  the  space  above.  The  conversion  of  a 
liquid  into  a  vapor  is  termed  t'lfapnration.  llie  rate  of  evaporation 
depends  upon  the  nature  of  the  liquid,  the  temjxTutun?  of  the 
li(|Uid,  the  temperature  of  the  space  above  the  liquid^  the  area  of 
the  free  liquid  surface,  and  the  vapor  pressure  ou  the  free  Hquitl 
surface. 

While  in  the  vaporous  condition,  the  mok*eules  continue  to 
move  and  liit  one  another.  On  account  of  thest-  impacts,  and  on 
acco\mt  of  the  weight  of  ihe  molecules,  some  r)f  (h<^e  molecules 
will  find  their  way  back  and  become  entangled  within  the  litjuid 
surface.  The  reduction  of  a  vapor  to  a  liquid  is  termed  contlen- 
aalion. 

If  evaporation  takes  place  in  a  closed  space  there  may  be  a 
time  when  the  rate  of  condensation  etjuals  the  rat.e  of  evajxiration. 
When  the  liquid  and  vapor  are  thus  in  cquilibriiun,  the  vapor  is 
said  to  Ix'  siitMmifd, 

216.  Vapor  I*ressure  of  a  Liquid. — The  ftiree  which  causes  a 
li(]uid  to  vapori^M?  Ls  f-allcil  [Ul^  ra/x/r  prcstiurc  of  the  liquid.  The 
pressure  of  the  satunited  v;ipfir  of  a  liquid  etjuuls  the  maximum 
vapor  pressure  of  the  li<iuid  at  the  given  temptTature.  The 
maximum  vapor  pressuit*  of  a  liquid  increases  when  llie  tempera- 
ture of  the  liquid  is  raised.  The  maxinmm  vaiH>r  pressun»s,  in 
centimeters  of  mereur>',  of  a  few  siibslances,  at  0°  and  100°  C,  are 
given  below. 


0-C. 

100"  C. 

O^C. 

100°  c. 

Mercury 

Water   . 

0.00004 
0.458 

0  028 
70  ()00 

Kthyl  .\JoohuI . . . 
KthyJ  Htber.  .    ,  . 

1  27 
18.44 

169  75 
495  33 

216.  Saturated  and  Unsaturated  Vapors.— If  the  volume  of 
an  unsatunilwl  vaiJor  Ik*  dimini.'^lied  while  tlie  tenqx^raturc  is 
maintained  constant,  the  prcssui^e  will  increase  and  the  vapor 
become    more    nearly  saturated.     If  the  volume  be  sufficiently 
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diminished    the  vapor  will    l>ecoine  saturat/ed,   and  the   p 
will  IxHroine  equal  to  the  maximum  vapor  pressure  of  the  gi 
li(4iii(l  *'or^(^s|w)Il(li^g  to  the  t4nn|>^rnturp  of  tht*  vupor. 

If  the  vohune  of  a  saturatetl  vajxir  be  thniinishci!  while  t 
temperature  is  maintained  constant,  some  of  the  vapor  wll  coi 
dense,  tlie  rtMiiainder  will  ix'muin  saturated,  and  the  pi-eswuro 
remain  UD^liangetl.     For  a  saturated  vapor  vuxintaifitd  ai  consta 
iempercUurtj  the  pressure  is  constant. 

If  th<^  volume  of  a  saturated  vapor,  not  in  contact  with  any  oi 
the   liquiil,    }h}   inercast^i   while    the   temperature   is   maintained 
constant.,  the  va|K)r  will  tweome  unsaturated  and  the  pressure  w 
l»ecomc  less.     If  a  saturutotl  vai>f»r,  nnt  in  contact  with  any 
the  Ii<iuid,  be  allowwl  to  ex|)aiul  witluiut  dning;  woik  and  without 
reeeiving  or  lasing  heat,  it  will  become    unsaturated  and  lowi 
in  teinjx^rriture. 

In  oiilcr  that  equilibrium  may  be  maintained  between  a  liq 
and  it«  saturate  vapor,  any  increase  of  pressure  must  be  acco 
panied  by  an  iucroase  in  tenipeniture,  and  any  decrease  of  pressure 
must  be  accompanied  by  a  decrease  in  temj^rature.     There  f« 
bul  one  temperature  at  which  a  given  liquul  and  its  vapor,  under 
aasigtted  pressure,  can  eixist  lofjtther  in  efjuilibrium,' 

217.  Critical  Temperatiu*e. — If  the  temperature  of  a  gas 
above  a  certain  value  which  is  characteristic  of  the  particular  su 
stance,  the  pis  cannot  Im-  ctmdrriHed  by  the  application  of  anv  pres 
sure  however  fn*'al.     Tho  teni|H'rature  al>ovo  whicli  it  is  ini|>ossihle 
to  liquefy  a  pa-s  by  any  pressure  however  great  is  caUe<l  the  critical 
temperature  of  that  pas.     The  pressure  of  a  gafi  at  the  critical  f/»: 
p<'rat.ure  is  ciillcil  tlie  aidcal  pressure. 

The  critical  temiierature  and  the  corn^j>mding  critical  p 
sure  of  some  familiar  substances  arc  given  below: 
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1                                     SubBUnne 

rc. 

AtrooRpheres  ^M 

I            Air 

H            AnuDonia. 

H            Cttrbc»n  dioxide 

1            \\'ater     

374 

30  1 
116         ■ 

73  ■ 
105         ■ 

Uh.            J 

CHANGE  OF  STATE 

218.  Sublimation.-  If  wilid  camphor,  iirs<»iuoua  oxide,  arnnio- 
niuiri  curUiiiate  or  mercuric  dilontk*  Ix'  left  for  some  tiuys  iii  a 
do(4Ctl  bottle,  the  sides  of  the  bottle  will  iK^corae  encrusted  with 
rr>-slal.s  of  the  stihstance.  These  are  exiiiu[jles  of  a  solid  turning 
directly  inio  a  vniwr  and  bark  to  a  soUd  without  passing  thn)ugh 
the  li(|Ui(i  stute.  The  phenomenon  of  the  formation  of  a  vapor 
from  a  i^tlid  and  itvS  condensation  into  a  solid  without  pussiug 
thruu^  the  liquid  state  is  called  sublimation. 

Substaneea  that  subUme  have  a  higher  vapor  pressure  in  the 
mAiil  stale  than  at  the  same  temperature  in  thr  liquid  state.  A 
soh<l  will  sublime  at  atmospherie  pressurr  if  it.s  vapor  pn»ssun^ 
exwcds  the  pressure  on  its  surface.  The  temperature  at  which 
the  vai^M^r  pressure  of  a  solid  ecpials  the  atmospheric  pn'ssun*  Ls 
called  the  ffuhlimalion  point.  Substances  that  sublime  at  atmos- 
pheric pressure  cannot  be  melted  except  when  under  a  pressure 
greater  than  the  atmo.'jpheric  pressure. 

Af  t*n»|)cmt.iirf«  Iwlow  31^  C,  rarbon  rlinxirW  ran  br  Uqaofird  by  iho 
ftppticalKMi  of  Bufiicieiil  presKUif .  If  liquid  i'uri)on  <liuxidu  hi.*  ullnwr*!  to 
ff.\|Rind  r)uick-ly,  hojLt  will  ho  jilwtrftctofl  from  it  at  .such  a  rate  that  tiir  liiinid 
will  lifconie  a  snow-like  doli<lui  — 78°C.  At  — 78*0,  and  ntmusi>liiTic  prt-s- 
sure,  !*oIid  cnrbon  dioxide'  sublimes.  SuhliniinK  carbon  dioxide  affords  a  ron- 
venicnt  means  for  producing  tcin^teratui'cs  as  low  as  —78"  C-.  Sulphuri*'  ether 
is  oftrn  niixi'<l  with  the  wilid  Porl>on  dioxide,  tliereby  forming  a  sbisli  which 
will  rome  into  bettor  oontart  with  tlin object  wliuh  it  i.s  desired  Ui  cool. 
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219.  Boiling. —  If  sidlicirnt  heal  be  .siij)[ilird  at  the  iH)Honi  of 
o|>en  vessel  fdled  with  uniiiiary  w:iitr,  bubbles  will  forni  at 
the  bcittom'and  will  hiereajse  in  size  due  to  evai><3ration  frijrn  (hr 
enclosing  liqiud.  The  tirst  bubbles  will  ris<'  till  llu^v  are  coiuiciisod 
by  the  colder  liquid  aL)Ove.  The  sound  produced  b\'  the  conden- 
sation of  these  bubbles  constitutes  the  "  singing  of  the  tea  kettle." 
LiiU^r,  bubbles  will  rLse  to  the  surface  am]  burst.  The  ]>hetionienon 
of  the  fonnation  of  bubbles  of  vaix)r  witliin  a  Uquid,  their  rise  and 
bursting  at  the  surface,  is  called  boiling. 

Tlie  quantity  of  heat  necessary  for  the  exj>ansion  of  a  bubbi(^ 
depends  directly  upon  the  pressuix.'  of  the  vaiM»r  within  the  ljubl>le. 
For  a  bubble  of  vapor  to  form  within  a  Uquid,  the  vapor  pressure 
within  the  bubble  must  e(|u;d  the  sum  of  the  pressure  on  the  free 
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liquid  surface,  the  hydrosfatic  pressure  due  to  the  liquid  above  tl 
bubble,  the  suiface  tensif>Ei,  and  the  force  of  cuhenion  of  the  liiji 
The  surface  tension  is  very  smalls  and  the  force  of  cohesion  may 
reduced  to  zero  In'  the  jjresenoe  of  gas  or  solid  particles  uiicombi 
with  the  lif|iiid. 

The  teniiK?niture  of  a  bubble  witliin  the  liquid  equals 
temperatuiT'  at  whidi  the  jriveii  htjuid  and  its  saturated  vaj>or  a 
exist  together  in  equilibrium   under  the  pressure  to  which   tl 
bubble  is  subjected.    As  the  bubble  rises  through  the  licjuid  the 
pressure  on  its  surface  decreases  and  the  ten^perature  falls.     Wlien 
the  bubble  l>ni-sts  at  the  surface,  the  teinjxnnture  is  that  at  which 
the  liquid  and  its  vapor  can  exist  togethei-  in  equiUbriuni  under  the 
pressure  existing  at  the  free  surface.     Tlie  temperature  at  which  a 
liquid  and  its  vapor  can  exist  together  h\  eipiilibrium  when  under  a 
pressure  equal  to  that  supported  by  the  free  liquid  surface  is  called 
the  boiling  point  of  the  given  liquid  at  the  given  pressure. 

There  is  a  sharp  distinction  between  evaporation  and  boilin| 
Evaporation  occurs  at  the  free  surface,  occurs  at  almost  any  tci 
perature^  and  ceases  when  the  pre^ssure  of  the  vapor  above  tl 
free  surface  equals  the  pressure  of  saturated  vajxir  at  the  given     i 
temperature.     In  boiling,  the  vapor  is  fortne<i  witliin  the  liquic^fl 
the  lemjx'ratiu^  must  have  a  definite  value  niul  lH>iling  ceases  when^ 
the  sum  of  the  pressui-e  of  the  vajMjr  and  of  the  air  above  the  free 
surface  exceeds  the  pressuiX'  of  the  saturatetl  vapor  of  the  liqui(^fl 

A  liquid  Uiils  when  the  pressure  nf  its  vapor  equals  the  external^ 
pressure.     If  the  pri-ssure  do<^s  not  change,  the  tcniperature  of 
the  boiling  ii«)uid  remains  constant  as  long  as  there  is  any  Uquid  to 
va[X)rize. 

The  tem|>eraturc  of  any  boiling  li<iuid  is  higher  than  the  boil- 
ing point  of  the  liquid.  For  a  boiling  Uquid  in  which  the  cohesion 
has  not  been  diminished  by  the  presence  of  unconibinwl  gas  or 
soUd  imrticles,  the  temp<'rature  may  be  several  degrees  above  the 
boihng  point.  l*ure  water  that  is  air  and  dust  free  can  bt*  raised  t<B 
105°  C.  in  a  clean  glass  tlish.  A  globule  of  water  1  cm.  in  diameter* 
sus|KMuie(i  in  an  oil  of  the  same  di^isity  can  Ix^  heated  to  110°  C. 
without  boiling. 

The  boiling  point  of  a  given  liquid  dei>ends  only  on  the  tot 
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pRSBOTP  to  which  the  free  surface  of  the  liquid  m  siibjected, 
whereas  the  temperature  of  the  boiling  liquid  de|>enda  upon  the 
matohal  htkI  roughness  of  the  containing  veascl,  the  prescience  of  a 
dissolved  suljstance,  and  the  presence  of  uncouibined  gas  or  dust 
particks. 

At  the  low  atznoHphehr  pressure  on  Piko's  Peak,  Colo.,  water  boils  at  86**  C. 
At  such  A  low  U'-miM'mtiire,  the  ccK)kJnfc  of  foodR  is  very  slow,  and  in  the  cilso  nf 
mine  fofxJs,  is  impossible.  The  required  temperature,  however,  can  bo  readily 
obtained   by  mcana  of  a  kettle  having  a  tightly  _ 

filling  lid  pmvidod  with  n  pn»sure  gA(ifj;o  and 
»af«*ty  valve.  Suuh  pressure  cookere  are  in  common 
usr  in  both  farUtries  and  private  iKinicrt  for  hasten- 
ing the  ciKiking  of  certuin  frxHls  iiiul  fur  semring 
the  tempeniture!*  noccssar}'  for  the  rapid  aleriliata- 
tiim  of  pnxluets  tliat  are  to  he  canned.  Some  of 
the  bttderia  a)wny«  [)redent  on  nieat.s  und  vege- 
tablcsB  can  be  killed  by  subjection  to  a  U'liiprni- 
lure  of  100°  C.  for  huuni,  ur  by  a  treatment  to  a 
hi^er  temperature  for  miinitt'S. 

Tlie  physical  properties  of  nibbcr  mixed  witfi 
sulphur  are  profoundly  modified  by  moderate  tem- 
perature changes.   De[K!nding  u[Kjn  the  Mjinhiu"  con- 
tent and  the  temix-rature  to  wlueh  the  iriixlure  is  stjbjeeted,  the  product  may 
be  Aiitable  for  making  eUustie  bands  or  fur  hair  combs.     Thu  vult  anizing  tern- 
ture  is  usually  lH'tw^*en  135*  C  and  Ho^C,     The  dehniie  ditiired  U-m- 
ture  ifl  obtained  from  the  steam  of  water  Ixiiling  imdcr  the  corresjKinding 

The  mercury-in-glaas  themionieter  rmiaot  be  used  for  (he  mejwtirement  of 
lonperaturcs  as  high  as  the  boiling  jHjint  of  mercury.  Bui  by  filling  the  Rpiiee 
above  the  mercury  with  gas  undr-r  high  pressure,  the  1)oilirig  jKitnt  nf  llir  mer- 
niry  ear  he  raised  so  mueh  that  tlw  instrument,  is  available  fiir  the:  ineawnre- 
ment  of  le(n|XTatures  up  to  OCX)"  F. 

When  II  liquid  is  l>oiUng  under  a  low  prewure  the  rate  nf  va]iiirizatii»ii  is 
greater  tlian  when  lioiling  under  a  higher  pressure.  The  amount  of  heat 
required  to  raw  a  liquid  to  its  lH>ihng  f>i>iul  and  tn  vaporize  it  at  tliat  lemiKm- 
ture  is  Ic«s  when  the  premure  is  low  than  when  the  ftrt-wure  is  higli.  There- 
fore, vaix»riaation  can  be  produeetl  mort*  rai)idly  an«l  more  economically  by 
boiling  the  liquid  under  low  pressure.  In  the  nmnufaeture  of  conden.scd 
milk,  the  preswure  is  reduee<l  till  boiling  occurs  at  about  55*  C  The  heat  is 
supplied  by  mearisof  coils  of  steam  piiK-  within  the  vacuum  i>aii  In  addition 
to  the  economy  of  evaporating  at  low  lemiH-niture,  the  low  temi>erHtnn'  avoiiia 
the  ix>ssil>ihty  of  eertain  undesirable  chemicAl  changes  in  the  product  which 
are  apt  to  occur  at  higher  temperatures. 
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In  the  miinufacturp  nf  sugar,  Ihc  Pane  juire  or  beet  juicp  is  boilod  und 
(luiiinislicil  prt'ssur**.     lUtsually  I  he  vajwriznUon  is  carried  on  sxicci-ssivfly  in 
ihrw  or  more  vm^mim  pniis  under  progrcsjiivtly  lower  pr»s«uros      In  the  c 
<»r  tliriHMitaKt'  vuiH>nzalioti,  (lu*  juii'c  is  fir^l  Ixviled  iiiidcr  a  y:t\x>T  pressure 
ubciut  '2(5  inches'  of  mercury.     The  Htonm  risinR  nt  aiM)ut  205*  F.  is  pa»s 
throuKh  roilfl  within  thf  sc'cfunl  vacuum  pun  communing  juice  which  hajj  been 
previously  boilc<I  in  tht  first  pan.     The  pressure  in  the  second  |>aii  is  ab<»ut 
13  inehcs  of  memiry.     The  steam  rising  from  the  juice  in  the  WMXtnd  pan,  at 
alx>ut  172*"  F.,  is  passed  through  coils  within  the  third  pan  whic;h  eonLai: 
juice  previously  boiled  in  the  st>cond  pan.     The  proissure  in  the  third  pan 
uImxiI  3  inches  of  mercury,  und  the  steam  rising  from  the  conteiit-s  ia  at  abo 

220.  Boiling  with  Bumping. — If  ordinary  wat-pr  \w  hoilod  in 
Finooth  j^htsd  vt'SMi'l,  siiiull  hubbies  of  va[H>r  will  form.  ris<»  tjuictly 
t-o  Ibt^  surfiici'  ami  iberc  bui>t,     TtuH  roiislittitovs  onliiuiry  iKHliiig. 
But  iifter  tlie  boilin^E  has  been  conlinued  for  some  time,  fewei^| 
huhliles  will  form  and  those  will  expand  with  almost  exphxsivc*^^ 
violence.     Tills  phenomenon  is  called   '*  l«jjUng  with  bumping." 

Roiling  with  bumping  is  due  to  the  cohej^iou  of  the  hquid  mole- 
cules.    Ordinary  water  contains  gas  and  dust  particles  uneom- 
bineil  with  the  liquid  molecules.     The  presence  of  these  particles 
between  the  water  molecules  diminishes  the  cohesion.     But  by^| 
continued   Ixiiling  these   parti4^1es  an*   either  carricHi  off  by   the^^ 
escaping  vapor  or  are  caused  to  combine  with  tlie  li(]uid  m4)lecules. 
On  aecount  of  th*  increase  in  the  force  now  to  be  overcome,  tho^l 
tempeniturc  necess!ir>'  to  form  a  bubble  of  vapor  is  much  gn-ater 
Ihan  U^fore.     But  when  started,  the  ehu^tic  force  of  Hie  bubble 
will  overcome  the  cohesion  of  the  Htiuid  in  its  stirfa<*e  and  tfius  makefl 
the  pressure  on  its  surface  less  than  it  was  wlien  (he  bublile  was 
formed.     Heing   now   subjectixi    to   a    less   pressure    than    when 
Tonneti,  I  he  bulible  will  expand   so  rapidly  as  to  suggest  an 
jvlosion. 

Humping  can  Ix'  prevented  by  supplying  the  liquid  with 
tides  of  Home  foriMgn  sul)stancc  that  will  not  readily  combin 
with  the  liquid.     Bits  of  pumice  slone  will  prevent   the  bumping 
of  l)oiling  water.     Biunping  can  also  Ix^  diminished  by  the  addi- 
tion   of   sbiarp   cornered    fragments   of  any  insoluble  sulistancc* 
Bubbles  form  more  iradily  alxnit  the  shani  jxiints  than  on  th 
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smooth  surface.  If  lliei-e  are  many  siuli  |Miin1«  many  Rniiill  imii- 
bles  will  be  fonnetl  at  one  time  iiistwul  of  :i  ft'w  larfce  onos,  Tlio 
effect  of  pixijcrting  points  iis  largely  diit;  tu  tlie  j^realer  qiiuiitit^'  of 
heat  supplicxi  in  a  given  lime  to  the  small  L'lemeiit  of  vohnin'  of 
the  h(]uid  surrouuding  a  f>aint  than  to  an  ihiuuI  volume  of  liquid 
at  a  smooth  surface. 

221.  The  Temperature  of  a  Boiling  Solution. — In  order  to 
separate  the  .solvent  from  the  solute  (hernud  energy*  must  be 
Mpplied.  Contteciuently,  to  boil  a  solution  of  a  nonvolatile  sub- 
stance a  higher  tenijx'ralure  is  required  than  to  l"M>il  the  pure  sol- 
veuT.  The  elevation  of  the  teiujNTat  lire  of  a  boiling  solution  above 
the  Ijoiling  point  of  the  solvent  Is  dirertly  projiortional  to  the  sum 
of  the  nuinl:ier  of  moleeulew  and  of  ions  of  the  soIul«  eont^inetl  in 
unit  mass  of  the  pure  solvent. 

The  temperature  of  the  steam  cficaping  from  a  Ixjiling  solution 
is  that  of  the  upix-r  layer  of  the  .solutitm.  But  if  this  steam  con- 
denses tm  the  bidb  of  a  thermometer,  the  latter  Avill  indicate  the 
boiling  point  of  the  pure  solvent. 

222.  The  Spheroidal  State. — If  a  small  quantity  of  water  be 
dn>pped  on  a  poli.sJied  surface  maintained  at  a  temj>eniture  above 
200"  C,  tfie  liquid  will  not  spread  over  the  heated  surface  nor 

niv  into  eontiU't  with  it,  but  will  asstirne  n  sphiToidal  shufx^  aiui 
renudn  poisetl  on  a  thin  cushion  of  v:ipor.  The  eushioji  of  vapor 
BUpiKirting  the  spheroidal  maj^s  is  maintained  by  rapi<i  vap*jrizii- 
tion  of  the  liquid.  Tlie  tE'iupriMturc  iff  (he  sphrrt tidal  mass 
remains  several  degree-s  below  the  boiling  jxjirit  ui  the  lic|uid,  while 
the  temperature  of  the  supix^rting  vaixtr  is  nearly  that  of  the  hot 
plate. 

A  striking  exijerirneiit  illustrutliiK  die  fart  ttml  m  the  sjiheniidiil  stiJr  the 
temperature  of  tiqiii<li*  rciuiiiiis  niiicii  bclcfw  tlif  h'Tupenitiir*'  *)f  tho  ronlnining 
citeh  i»  the  fullnwiuK  due  to  Faraday.  A  mixfuro  of  t-tlier  and  wilid  rjirUm 
diojpde  is  placed  in  a  rcd-tiot  crucil)Ie.  Tliougb  tli*.'  heat  supphed  to  the  mix- 
ture <ausRs  rapid  cvaiJoration,  the  ternpcrature  of  (he  mixture  rrniaina  so  low 
that  if  some  mercury  i»  jxiured  into  the  mixture  die  nii  rrurj'  will  freeKO. 

It  is  prf)hal)Ie  tliat  many  Ixiilor  cxploftioiiB  have  Imm^d  due  to  the  water  b<*ing 
so  low  that  the  boiler  pt:iU^M  Ikivo  liccome  sufficiently  heated  to  cau.HC  the 
water  to  MHUme  the  spheroidal  ^tfite.  ( 'ri  die  (iuddeu  ititrorhirtion  at  more 
water  the  boOer  plates  will  txH-'ome  so  e<xjlrd  tli:iE   the  vvuler  and  uieljil  will 
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come  into  contat-t,  lhr.nm|N>n  causing  such  a  rapid  evolution  of  steam  a« 
produce  an  cx|)iu8tun. 

223.  Heat  Equivalent  of  Vaporization. — Althnugli  a  liquid  boilJ 
ing  untlor  consUint  pressure  does  not  change  in  tcjiiperature, 
heat  must  be  supplied  to  maintain  the  boiling.  In  faet»  for  any 
form  of  vaporization,  whether  evaporation,  sulilimation,  boilinp  or 
the  sphennda!  f^tate,  heat  uuist  be  supplied.  If  heat  is  not  supplied 
from  witlujut.  the  neeessary  (juaniity  of  he^t  will  Ix^  abstraet^l 
from  the  I>ody  itst?lf  and  the  t^itiperature  of  the  ImkIv  will  falL 
By  allowing  !if}uid  h<'liuin  to  evaporate  at  a  pressiu'o  of  1.2  mm. 
of  merciu*>',  a  temixiraturc  of  —271.3"  C,  hxw  been  i*eached. 

When  no  change  of  temjjerature  occurs,  the  ratio  of  the  heat 
recjuired,  to  the  nuiss  of  substance  vaporized  is  called  the  fuciM 
equivulvni  of  vafwrizution.*  ^B 

Thus,  if  //  units  of  heat  are  i-equired  to  vaporize  m  units  of 
mjiss  uf  a  ^^iven  substance,  the  value  of  the  heat  eciulvalcnt 
vaporization  L,,  is 

m 

Heat   equivalent    of  vaix)rization   is  expressed  in  calories 
pran»,  B.l.u.  (wr  ixjund,  ele. 

The  he^it  equivalent  of  vaporization  of  liquids  is  usually 
ferreil  to  (he  Ixnlin^  point  inider  a  jnessure  of  7(i  em.  of  inereuryi 
The  heut  equivalent  of   va|xn'ization  of  water  l>oilinK   under 
pn^asure  of  70  cm.  of  mercury  is  538.7  calories  pier  ^''^un.     Tl 
heat  ecjuivalent  of  vaporization  in(i*ea.ses  when  the  pressure  d< 
crt^si.^.     I'br  probltun  work,  we  shall  la,k(^  the  heal  e<piivalent 
vaporization  of  water  at  a  pressure  of  76  cm.  of  mercury  to 
539  calories  jxir  gram  or  970  B.t.u.  per  lb.     These  values  should 
be  memorized. 

The  he^t  etjuivalent  of  vaporization  of  a  sulistanee  can  be 
determined  by  the  Mi'thml  of  Mixtures  in  the  same  manner  as 
already  applied  to  the  deleriinnation  of  the  heat  ecjuivalent  of 
fusion.     If  the  vaf)or  is  passed  inl4>  a  liquid  contnincd  in  a  calorim- 

*  FortDerly  tbi*  It^rtti  "liileDt  hval  of  vut>orisiiUoti "  waa  uhhI  iiwitfl**!  of  hont  r«]utviiJeat 
o(  VAporisatioiit  but  now  the  tfrrm  "Islcni  )ii>ut"  b  out  of  daUt. 


THE  BOILING   POINTS.  AND  VALUES  OF  THE   HEAT 
EQUIVALENT  OF  VAB)KIZATION  OF  WATEK 


Heut 

i 

HpM 

Pnasure 

in  mm. 

of  mercury 

Teini)orature 
in  "C 

l-kiuivaleiit 

of  Vap.  ill 

calories 

per  ^^nun 

i   Preaaure 
in  mm. 
of  mercury 

TcmixTu- 
1  lire  in  "  C 

F'iqiiivalont 

of  Vap.  in 

calories 

I>cr  gram 

4  579 

0 

596.4 

355  1 

80 

551  1 

9.205 

10 

500.2 

525,8 

90 

544.9 

17  51 

20 

584  9 

760  a 

100 

53S.7 

31  71 

30 

579  <i 

UI74.5 

no 

532  3 

55  IS 

10 

574  2 

M8H  9 

120 

525  6 

92  30 

50 

568  4 

202o  « 

i:{o 

518  6 

149  19 

60 

562  S 

27m  h 

140 

511. 5 

233  53 

70 

556.0 

\     3668.7 

150 

504.1 

rXer,  the  <iuantity  of  heat  gained  by  the  calorimeter  and  ooiilained 
liquid  oqiiids  the  sum  of  the  qimntiiy  of  heat  lost  by  the  vapor 
during  rondensHlitJii  and  the  c|U:iiitity  of  lieat  lost  hy  the  uoii- 
deaeed  vapor  in  falling  to  llio  totnpcTattiro  fif  1h<'  mixture.  The 
ina8s  of  vapor  condensed  is  obtaineti  by  weighing  the  calorimeter 
with  its  contents  before  and  also  after  the  experiment, 

A  dr>-  thcrmomotnr  indicalos  the  name  tomporaturp  who th<>r  oxposod  to  ii 
breeae  or  protortwl  frrjm  it.  But  a.  f>erf«>ii  fpel.^  (HK>l('r  whi^n  a  hrnrze  is  hlnw- 
ing  because  the  current  of  air,  by  dissipating  the  vapor  ncux  the  body,  facili- 
tates evaporation. 

The  d^rwj  of  humidity  of  the  air  is  meaHUrcil  by  the  tlifTt'rtuuv  in  the  indi- 
irvtioDfl  of  two  thermomrlers — one  with  a  dry  bulb  nnd  the  other  with  h  bulb 
kept  moist  by  a  wirk  difiping  into  water.  If  llie  nir  be  sutunitofl  there  will  be 
no  evaporation  and  the  two  thermometers  will  indicate  the  sjiine  trinfH^niture. 
If  the  air  be  unsaturated,  the  indication  of  the  (hermoincler  with  the  wet 
bulb  will  be  lower  tlwui  the  other  by  an  liinouid  dei>endiiig  upon  the  de.gree  of 
humidity  of  the.  nir 

In  the  same  way.  on  a  warm  day.  when  the  air  mntairifs  murh  moiBture,  we 
feel  much  warmer  than  on  i\  dr>'  day  of  the  pnrnr  torrii»eniture. 

RheumatiRm  w  eommonly  treated  by  applyinp  hejit  !o  the  part«  of  the 
body  affected.  It  i.**  foimd  that  the  nkin  will  not  bear  a  wet  cloth  at  a  teui- 
perature  much  above  I3o*  F .  whereas  it  will  hear  dr>'  air  as  high  as  .'lijO*  F. 
In  the  latter  cue,  the  dry  air  induces  such  rapid  evaporation  that  the  temper- 
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ature  of  the  skin  does  not  attain  a  higher  value  thiui  whrn  the  wi^t  doth  was 

applied. 

On  rcmuving  the  cover  from  it  i^mt  uf  l>uiiing  wutor  Ronie  eiciuu  CMcnpop.' 
If  an  ainuuut  uf  steam  I'quivulenl  to  lU  drops  uf  water  (about  O.o  cc.)  B}itjuld 
escApo,  the  \xi\  of  water  would  losr  sufficient  h<'at  lo  rninr  the  tcmjMTatuR^H 
of  one  [X)iui(l  i»f  wiiliT  niorv  Hian  I''  F.     '*A  wateho<i  pi)l  never  lwjil»,"  ^^ 

If  fltcam  at  ItX)"  C.  l>e  piutged  into  a  siitunited  aquivKts  solution  at  near  the 
same  tempf-'rature,  sonu'  of  the  stejun  will  be  (xindeiiscd.  Fur  every  ijfrani  uf 
stoam  that  is  roiuJcnscil,  the  sohition  will  receive  nearly  539  ralories  of  heat. 
Tills  heat  will  nii.*e  rhe  temperature  of  the  solution  till  the  vapor  prcsRire  of 
the  snlutioTi  iH-comes  equal  to  tliat  of  water  at  UH)*'  C.  If  the  vapor  pressure 
of  the  Holulion  at  X<K)°  C  be  less  tlmn  that  of  wiiter  at  KJO"  (.'.,  steam  will  Iw 
wjndensed  till  thr  UtilinK  piiint  of  the  solution  is  reached.  That  is,  steam  at 
100°  C.  will  raiiw  the  leriq>er;iture  nf  the  aqu«»us  srilutiim  \Ai  a  higher  temj»er- 
ature.  In  this  nmntier,  steam  at  JCW  f,  will  raise  the  temporatun*  of  an 
aqueous  solution  nf  rjilcititn  chlrfrjili-  tn  alxiiit  \V2°  0. 


SlUAKIl      PkllKLKM 

pRom.KM. — Id  Ihe  niaunfinlure  nf  raisup,  tomato  pul[tut  80**  F.,  ent«i8 
oiK'n  kettle  and  Is  ev!ifw>rate<l  by  tile  luuit  iciveri  up  by  hijih  pressure  sl^ 
traversing  a  coil  of  pi]K'  within  the  kettle.     SupfHjsc  tliat  the  mean  lK>iIi 
point  of  the  pulp  w  2iy"  F.,  that  the  «atimited  steam  enters  the  coil  at  328*  F» 
that  thi^  steam  condenses  at  219**  F.,  and  the  eonden&ed  steam  cseapos 
•iltr  F. 

Asfluminie  that  thoheat  equivalents  of  vaporization  of  wtLterat2lO^  F.. 
at  'ilti"  F  ,  are  S!»tl  «nd  OtVi  H.t  u,  per  lb  .  respectively;  nntl  that  the  siK'cifie 
heat  of  loniain  |hiI|>  and  that  of  At4-:ini  :ire  I)  U  and  (►  4S,  respenlively,  find  the 
itumlMT  of  puiuulH  of  water  that  tnur^t  tn*  evafiorated  by  the  boiler  in  order 
reduce  )(J4)(f  lb.  of  lotiialo  pulp  t^j  /UK)  lb. 

jSoLl'TlliN. — 

Heat  it^initt  by  the  pidp^^heat  lost  by  the  Hteam. 
O.9XltIX)(216-80)+5()Oxfl6:t=0.4Smf:riS-219>+m961+lm(21fl-2l«) 


where  m  represents  the  number  nf  (xjundB  of  water  tluit  must  be  evaporated 
the  boiler. 

224.  Mechanical  Refrigeration. — The  fad  tliat  a  vaporizing  liqi 
absorbs  <*<m.«iderable  hi-at  is  tittUxed  for  pnHhietng  low  tejnix'ratures. 
ammonia  ipis  [s  che^ip  ami  can  be  liquefiwl  by  pressure  at  onhnary  tempera- 
tures, tliiis  sulwtanee  can  be  advantageously  employeii  fr>r  ntrcluinicnl  rcfrig- 
emtinn  One  process  nseil  fur  making  ice  artifieially  and  for  cooling  v**\ 
Htoragc  rooms  is  represented  diagrainmatically  tn  Fig.  217.. 
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In  lis  3impl<«t  form  the  appnmtiift  cotisistR  of  a  rrs  comprwwi>r  /*  cotiiH'C'led 
to  two  coils  of  pi(Ka)  A  and  U  through  valves  /i,  C  ami  A',  a»  Hhown  ( )n  thfl 
tifMtrokr  of  the  (jiston,  ammoni«  tpki  ifi  drawn  into  the  ooinpressor  from  the 
cull  nf  pipes  A.  Oil  tho  df.)wn-slrt>k*'  this  tsfis  is  IjirRfly  lifjuclio*!  and  for<.'«l 
inU»  ihi*  n»il  I).  The  Largo  ammiril  of  heat  devRlo[>nd  in  the  suhHtanor  by  the 
comprnapion  is  abwirbwl  by  cx)ld  water  rirruIatijiK  iiboiil  thtf  t-oil  D.  The 
ft>oh*d  Unueficd  ammonia  is  allnwt'd  to  escape  through  the  regtilatirig  valve  E 
and  expand  into  the  gnseoua  form  in  the  roil  A.     Thi^  vujKjri&ation  end  expon- 
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'y::^ 
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r7=^ 


^ 


^ 


^^ 


y^ 


Fiu.  -2X7. 


^ntAils  5nirh  a  proat  ahfiorption  of  hont  that  the  roil  A  and  ita  Burroundings 
tv^Hjle<l  corisideraljly  lielow  the  frerxirig  pmint  of  water. 
The  eoil  A  is  uauuUy  imincrsed  in  a  Ijink  of  brine.  If  a  enld  .stomtie  rooni 
lA  1(1  \Mi  t»xjted,  this  brine  i»  pmni>ed  through  coils  of  pijietj  j^usfx^iidcd  on  the 
walbt  nnd  rriling  of  the  riKim.  If  nrticifuil  irr  is  to  Ik>  rimde,  cans  filled  with 
the  water  to  Iw  froxen  are  piaeeti  in  the  ijitik  of  rohi  brine. 

'ITic  lowest  temix'raturea  that  havf  U'ca  ut(uin<'<i  have  been  prodiieed 
through  the  moling  dcvnloped  by  a  suddenly  expanding  gas.  Linde  has 
^tv^loixil  n  deviec  in  which  by  expanding  one  fxvrlion  of  a  comprpj*sed  gas  at 
aUri'Hpheric  U'lnperalure,  the  remainder  of  thi.s  eompro-swd  gim  is  eon.sideruhly 
lowered  in  temiH?ralure.  By  allowing  a  [wrtion  of  thii*  cooled  conipresMjd 
gptf  to  expand,  the  remainder  is  still  further  coolc<l  Hy  continuing  this 
procesB,  the  following  low  temiajnitures  have  been  attained. 


Boiling  point  of  liquid  air 

IVfiling  |»oint  of  Inpiid  hydrogfii 
Boiling  fM)int  of  li([uid  lieliuni.  . 


-185    *C. 

-252.5*  C. 
-271  Z°  C. 


225.  Heat  of  Reaction. — For  uiiy   purtiuulur  subsUinr*',   the 

nurnU-r  of  iptranis  nuincricnMy  equal  to  the  iiiokrular  wci|;ht  of  the 

i-jpabHtan(.*e  is  called  the  gram  molecule  ur  mo(  of  the  BubstaiuT.     Ft>r 
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example  a  gram   niolt'iuk-   of   Zn804  is  [64.9-1-31.8-1-4X15.9] 
160.3  gni.     T\w  Rrani  iiiolecule  tliviritMl  by  the  niinihcr  of  atoms 
hydrogen  e(]uivalen(    in   cuitibtniiig   jKJwer   to   the  metal   of   tlw 
molecule   is   called   the   gram   equivalent  of   the  sulwtance.     Fori 
instance,  since  zinc  lias  twice  the  combining  power  of  hydjogen, 
the  gram  equivalent  of  ZnlSOi  is  j (160.3)  gm. 

In  the  case  of  a  chemical  reaction,  the  nurnl^er  of  caloriefi  of 
heat  developed  by  molecular  quantities  of  the  reacting  sulvstances 
is  called  the  hvai  of  reaction.  The  reaction  of  one  gram  molecule 
of  zinc  and  of  €>ne  gram  molecule  of  sulphuric  acid  in  dilute  atjueous 
solution  produces  an  evolution  of  37,730  calories.  The  combina- 
tion of  molecular  quantities  of  copper  and  sulphuric  acid  in  dilute 
aqut!OUS  solution  is  accomixinied  by  an  absorption  of  12,400 
calories.  Contrariwise,  the  decompasition  of  one  grnni  molecule 
of  CuS04  is  accompanied  by  an  evolution  of  12,400  calories. 

The  total  evolution  of  heat  by  a  chemical  system  in  passing 
from  one  state  to  another  is  independent  of  the  intermediate  states. 
This  LM  crtlle^l  the  law  of  Hess. 

226.  Heat  Value  of  Fuels. — The  number  of   uniUs  of   heat 
developed  by  the  complete  oxidation  of  unit  mass  (or  unit  volume, 
for  K'l''^*^)  of  ^  sul>stance  is  callal  the  heat  value,  thermal  value  or 
calorific    value  of  the   substance.     The  heat  values  of    domestic 
fuels  such  as  coal,  wood  and  illuminating  gas  var>'  through  a  widefl 
ratiKO.     Good  anthracite  coals  vnry  from  12,000  to  14,000  B.t.u. 
[K^r  lb.;  semi-bituminous  (e.g.,  Pocahontas)  coals  from  13,500  to 
15,000,   and  bituminous  coals  from  10,()(K)  to  14,000.     The  heat 
value  of  seasoned  hard  wcmkI  varies  from  8300  to  8000  R.t.u.  per^ 
lb.     For  resinous  wooHh  like  pine  and  fir  the  heat  valu*^  may  be  as^l 
high  as  9150  B.t.u.  per  lb.    Crude  petroleum  varies  from  17,000  to 
21,300  B.t.u.  per  lb. 

Coal  gas,  produced  by  distilling  bitununous  coal,  has  a  heat 
value  of  about  600  B.t.u.  per  cu.  ft.  Water  gas,  produced  byB 
blowing  steam  through  a  ]>ed  of  incandescent  coke,  has  a  value 
of  ulx)ut  300  B.t.u.  |x'r  cu.  ft.  Altx<  connnercial  gas  works  pro- 
duce a  mixture  of  coal  gas  and  water  gas.  Both  the  light  and  heat 
values  of  wa(er  gas  can  l>e  raised  by  iiiti-oduring  oil  into  the  white 
hot  retort.    The  resulting  carburetted  water  gas  will  be  increased 
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in  h#«t  value  through  a  coiLsidorahlo  niiigc  by  im  ainuuni  propor- 
tional to  the  amount  of  oil  mided.  One  gallon  of  oil  \vi\\  increase 
the  volume  about  75  cu.  ft.,  and  the  thermal  value  of  the  gas 
about  85  B.t.u.  per  1000  c\}.  ft.  As  usually  supplied,  illuminating 
gaB  has  a  heat  value  of  alxfut.  ti(M)  B.t.u.  per  eu.  ft. 

COST  OF  HEAT  PHODUCKD  BY  CERTAIN  DOMJiSiTlC  FUEI^ 


Fuel 

Cost 

Heat  Value 

B.t.u.  for 
one  cent 

Anthracite  (xuU. 

$10.00  per  ton 

U,0(W  Btji.  per  ih. 

28,000 

Bituminous  wal . 

6(X)  Iter  ton 

12.01K)     *^ 

40,000 

.Seasoned  oak .  . 

12.0(1  |H-r  ftird  of 

:J70<)  lb. 

8,300     " 

25,501 

Kcroeienp 

0  22    per    gal.    of 

6.7  Ih. 

20,000     " 

(i.OOl 

Illuminating  gas... 

im  per   1000  cu. 

ft 

000     '*    per  cu.  ft. 

6,000 

Electricity 

0.10  per  kilowatt 

hour 
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Ql?BHTinNR 

1.  What  property  miwt  a  metal  fwssess  in  order  that  it  phall  give  a  grK>d 
impression  of  the  mold  when  rrast?  Nmne  Hiieh  h  nh;tji1.  Nnme  one  that 
will  not  give  good  au<tingH. 

2.  Whnt  effwt  hiin  the  prt'Hsure  on  the  melting  ])oint.  of  BUbHtuncoa  that* 
expand  on  solidifying?    Those  that  rontnict  tpu  solidify ing?     Kx]»lHin. 

3*  A  piece  of  solid  l>T>c  metal  floats  on  the  surfare  of  liquid  ty[X!  metal. 
Docs  this  substance  expand  or  contract  on  solidifying?  Explain,  What 
effect  dues  this  quality  have  on  the  process  of  type  casting? 

^  In  order  to  keep  the  contents  oool.  farmers  often  cover  their  water  jugs 
with  a  piece  of  wet  carpet.     Exphiin  the  action. 

6.  Steam  at  140"  C.  will  not  bum  the  flesh  as  severely  as  steam  at  100*  C. 
Explain. 

6.  The  hot  water  from  r.  steam  radiator  may  be  as  hot  as  the  steam  which 
c-ntered  it.     How  then  Una  the  nwim  l>oon  wtiriinvl? 

7.  Open  vesseU  filleil  with  water  are  fniquenl  ly  plH(-i?d  in  cellars  Ui  prevent 
freezing  of  vegctokhles  in  cold  weather.     Exj>Iuin  fidly. 

8.  A  little  jdcohol  sprinkled  on  a  thermometer  tjulb  causes  an  immediate 
lowering  of  the  merrun.',  e\*en  though  the  thonrmnict^T  shows  no  change  in 
temperature  when  the  bulb  is  immersed  in  the  alcohol      Explain. 
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0.  \\'liy  duis  st mm  prucluce  su  rnuoli  mure  aevere  bums  ttiuii  the  Bainc 
of  hut  water  at  the  aaiue  temperature? 

10.  The  sweat  acorctcd  from  the  skin  liolUa  (lie  temiH>mture  of  Ll»e  boil 
its  normal  value  even  though  the  surrounfiing  uir  is  warmer  than  the  Ixxly 
Explain  fully.     Wliy  is  srummer  heat  often  ui)])ressivc  before  a  shower? 

11.  A  vertiejil  cylinder  is  one-thirtf  filled  tvith  water,  and  imnipdiuM 
above  the  water  is  fitteil  rin  nir-tiRhl  piHton.     The  piston  i-s  then  drawn 
nearly  to  the  end  of  the  rylinder.     H  no  heat  paj«««  in  or  out  through  It 
piston  or  titc  widlH  of  the  cylinder,  how  does  the  temperature  of  the  wal 
eluinge?     Explain. 

12.  Explain  how  tlu>  height  of  a  mountain  may  l>e  meajnired  by  menus 
thernmmeter  readings. 

13.  The  lyiiling  point  of  a  5ialt  solution  is  higher  than  that  of  pure  wat«r. 
IfHti^amai  U)()°C  is  passfni  into  aui-h  n  snhitinri  it  will  cjiuse  it  to  boil.    Explain. 

14.  It  w  iitijKJSwible  tu  oo(jk  heunK  by  Imiliii^  tlicni  in  an  ujK'n  kettle  on  the 
toj>  of  a  high  mountain.     Explain. 

16.  Huw  would  you  ex[K^('t  a  liquid  to  bcliavc  when  heated  to  the  boiling 
point,  provided  that  the  heat  ec|uivalen1  of  vaitorizatiun  were  jtero? 

16.  In  a  eloBcd  veswl  is  eontained  some  warm  water  which  has  recently 
ceased  boiling.  How  may  the  water  be  made  to  boil  again  without  applying 
lieat  to  the  vt^sol? 

17.  What  it)  the  chajige  of  Htatc  which  Iwiling  watex  i»  undergoing?  Is  the 
Wtilitig  water  receiving  heat?  If  «o  what  beajnity  of  it?  Is  the  water  getting 
warmer? 

18.  WJmt  limita  the  elevation  of  the  temixrature  inside  of  a  loaf  of  bread 
tir  a  piece  of  uu'at  (hat  is  l)eing  bake<l? 

19.  Why  will  water  twliiiguish  fire? 

20.  Why  w  a  puu  uf  water  often  put  into  an  oven  in  which  ruatards  are 
baking? 

§  3.  Expa^m^oii 

227.  Linear  Expansion. — With  few  exceptions  bodies  expand 

wliile  iucroasirig  in  teinperatTiro.  It  Ls  found  that  for  smaU  t^'m- 
jx^ralure  ranges  the  increa*K?  in  length  of  a  I>ody  under  corustant 
pressure  variefi  directly  as  the  original  length,  nearly  as  the  chanxe 
in  teiii[>eratare,  aiul  that  it  is  independent  of  all  other  qtiantitirs. 
Tlmt  \a,  if  a  hotly  of  lcnp:th  /u  at  o°  t>e  raise*,!  in  temperature  to  /' 
the  increase  in  length 

a-fo)ocfc. 

and  (/,— /n)oc(/— o). 

Whence,  ^  —  /o  =  aW 
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whore  a  is  a  constant  of  proportionality,     Tlus  constant  is  called 
the  mean  coefficient  of  linear  expansion  (jf  the  given  8ul)8tancc 
from  o*  to  f*. 
Solving  for  a, 

„^'r-At» (134) 

TlM^refore^  the  mean  coefficient  of  linear  exjmnaion  of  any  sub- 
stance between  o**  and  t^  may  be  defined  as  the  ratio  of  the  aver- 
a^  change  in  length  of  a  bar  of  that  suljstuncr.  for  one  degree 
cli&nge  in  temperature,  to  the  length  of  the  sauie  bar  at  o°.  Hence, 
the  temperature  coefficient  of  linear  expansion  is  numerically 
e<iua1  to  the  change  in  length  per  degree  change  in  temperature 
per  unit  length  at  o*  C. 

For  any  given  substance,  a  is  slightly  different  for  different 
temjierjiture  ranges.  However,  for  most  sijhslam^*s,  the  change 
with  Icmjjeralure  Ls  very  siimll  and  in  this  Ijook  will  l»e  negleclwl. 

If,  then,  a  rod  whicli  has  a  length  /^  at  o°  hv  heated  successively 
to  Iwnperatures  t°i  and  t^^-i,  its  length  at  these  two  temperatures 
wiU  l>e,  (133), 


and 


h  =  lii-\-al<ih. 


CoiiHxiuently,  on  being  heatitl  from  /**: 
Icngtii  of  the  rod  is 

!,-ij-=li^{U-L2) 


J  to  /°i,  the  increase  in 
(135) 


In  the  cujM'  of  scjlids,  the  cfK»f!icienl  of  ex|)H!ision  is  so  small 
lliat  for  ordinar>*  tem|XM'atmx»s  i^  differs  so  little  from  l^  that  it  is 
usually  accurate  enough  to  write  (135)  in  the  form 


Whence 


(136) 


The  mean  coefficients  of  linear  expansion  of  several  substances 
from  0*"  C.  to  100°  C.  aw.  given  below: 


L 
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Brass -, 

Copper 

Iron 

Nickel 

Platinum 

Ordinar>'  glass. .  one-u,. 

Invar*(0.30  Nick-  irrht^ 

Silver  Iodide  (Am 

Iceland  Spar,  pani'  »->. . 

Iceland  Spar,  per 

Quartz  (fused) . 

*  The  alloy  called  invKr  t. 
in  length  bo  iluggishly  thmt  n 

rcaaooB  invar  m  useful  for  •^ting 


*o  axis. 


0  000019    per'  C. 
*>  000017 


-n  (KMJOOl 
0  000025 

-0  ooiXNm 

0  0000005 


low  eucIBcient  of  fuipuunon,  but  it  cl 
.r«J  for  the  complete  phange.     For 
oter  bare 


A  small  apace  must  be  i       K*t.wee»  .-uiif^ay  rails  in  order  that  each  rail  ma3 
change  in  length  with  chanf^     in  temperature  withn\it  distorting  the  Iraek. 

Steel  hrid^e  Kirders  art?  inounUnl  on  njllers  so  tlmt  tfio  change  in  len) 
produced  by  cliaiiK^s  of  temiwrature  aliall  not  disturb  thp  piers.     As  the  pavi 
mont  has  a  smaller  coefficient  of  expansion  than  the  supiiorting  steel  girdei 
provision  must  be  made  to  avoid  buckhnK  and  cracking  of  the  pavement  whea<f 
the  bridge  ia  subjected  t^  considerablt!  tcmiMiiruture  rhangea. 

in  riveting  boilers  and  the  steel  inemberH  nf  buildings  and  bridges,  tl 
rivets  are  plact^d  in  the  holes  while  red  hot  and  then  a  head  haninieri'd  onto  the 
end  of  the  shank.  On  coijling,  the  contracting  Hliuiik  draws  togcthur  the  two 
pieces  of  8te«l  with  great  force. 

If  a  thick  piece  of  glass  be  quickly  cluingcd  in  temperature  it  will  crack  on' 
account  of  uiieqtial  expansion.  Due  to  the  aume  pherionieiuin  a  sheet  of  glufl» 
or  A  glaaa  veflscl  may  be  divided  alnng  any  predetermined  line  by  *'  leading '^ 
a  crack  along  the  line  by  nu^iuH  of  a  piece  of  Iiot  metal, 

The  roeffirienfs  of  expanpion  of  fused  quartz  and  of  "pyrex"  glaaB  are  sol 
ivnall  that  objecLs  of  these  materials  may  be  plunged  while  nnl  hot  into  eoldi 
water  without  breaking. 

Ill  de-tigning  an  object  to  be  made  t^f  cast  iron,  care  muat  be  excrciRed  thaVl 
the  shjipe  and  thickness  of  the  different  parts  are  such  that  all  parts  will  niolf 
at  alwu!   I  lie  stime  rale      Othi-rwise,  on  cooling,  unequal   f^intractions  will 
occur  which  will  produee  internal  strains.     Such  internal  strains  will  greatly] 
reduce  the  strength  of  the  object. 

In  order  thai,  a  I'lock  pendulum  may  have  a  constant  periwl  of  vibration, 
the  equtvalent  length  must  V»e  constant.  Twi>  devices  are  in  common  use 
for  maintaining  the  length  constant  while  the  temperature  changes.  In  one 
devici?,  the  Utb  nHisisIti  of  n  reservoir  of  mercury,  Fig.  218.  If  the  tempcrture 
rises,  the  pendulum  rod  lengthens,  thereby  lowering  the  center  of  mass,  At  the 
same  time,  the  upper  aurfacti  of  the  mercury  rises,  thereby  raising  the  center 
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of  tbp  pctidulum, 
^pendtiUim  ivir*  the  rr 
'rS\  be   at   a 

Anotlicr  con  Wsat- 


With  the  prr)i)cr  rclalion  between  the  Icnjjths  of 
•iry  column,  the  renter  of  mass  of  the  pendulum 
we  from  the  supporting 
(icrature. 
|jcp(hiuim  coufilsts  ir 


ached  to  a  fr  ^    '  '"  r*  *oposed    of   a!t«maN 
bfBJW  and  steel.   Vtf<^{'  the  roflfl  nirangeii  iis  in 


the  bob  will  be  lowered  by  an  increase  in  the  *''        -  Gf 
the  unshaded   ro<ia,  and  raised  by  an  incn^  '"le 

tenp^th  of  the  shade<i  rods.'    a.v  roakinK  t-  ~ 

the   two   *>rts  of  rcnl-^   inver.'-y  proi>ort' 
f>oeffieienti»   of    linear   expansion    of  t' 
which  they  are  composed,  the  equivr '  .^. 

.pendulum  will  remain  constant  he  <  «t  tero^^'-iui   ^^^  ^jg     pjQ  219 

tun*  rnay  change. 

Large  gunt?  are  made  of  a  aeries  >«4>  ,|ccntri'>  .  «fg:s  or  tubes,  each  shrunk 
on  the  next  inner  one  like  the  tire  uf  a  wagon  whet  »-  After  a  liiiiittHL  mirrd)er  of 
shotA  have  heon  fired,  the  inner  tub<^  Ixn-omes  so  deformed  or  roughened  thtit 
it  must  be  replaced  by  another.  To  remove  this  inner  tube,  Ihe  entiru  gua  is 
heated,  and  cold  water  wiuirted  into  the  bore.  The  sudden  con  tract  iotfof  the 
inner  tube  permits  ita  easy  withdrawal. 

228.  Cubical  Expansion. — If  a  hndy  of  voliimp  Va  at  o*  be 
raised  in  t4?Tnpi-Talur('  t^)  i^  while  the  prcssuri:  is  krpl  tronstant,  it 
will  increawe  in  volume  by  the  amount 

where  7  b*  the  mean  coefficient  of  cubical  expansion  at  constant 
pressure — or  the  coefficient  of  dilation —  from  <?*  to  V 
Consecjuontly,  the  volume  of  the  body  at  t°  is 


V,^Vo-\-yVot^\W-hyi) (137) 


From  this  equation. 


Vr^Vo 


I 

L 


Therefore,  the  mean  coefficient  of  cubical  expansion  at  constant 
pressure  of  any  substance  between  0°  and  l"^  may  l^e  defined  as 
the  ratio  of  the  average  change  in  volume  for  one  degree  change 
in  temperature,  to  the  volume  at  0°.  ,  Hence,  the  temperature 
coefficient  of  cubical  expansion  Is  numerically  equal  to  the  change 
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in  volume  per  degree  change  in  temperature  per  unit  vduine  at 

For  any  given  substance  7  is  slightly  different  for  difTerent 
temperature  ranges.  However,  for  most  Bubstancee  the  'change 
with  temperature  is  small,  and  in  this  book  it  will  be  neglected. 
If,  then,  a  body  which  has  a  volume  Vo  at  0°  is  heated  successivdy 
to  temperatures  ^1  and  ^2,  its  volumes  at  these  temperatures  will  be 

F.  =  Fo+7Fo/i, 

and  V2  =  Vo-\-yVot2. 

Conse<iuently,  when  heated  from  t%  to  t*'i,  the  change  in  volume  is 

Vi~V2  =  Voy(U'-t2) (138) 

In  the  case  of  soUds  and  liquids,  the  coefficient  of  cubical  expan- 
sion is  so  small  that  for  ordinary  temperatures  V2  differs  so  Uttle 
from  Fo  that  we  are  usually  sufficiently  accurate  if  in  place  of  the 
preceding  equation  we  write 

Vi-V2==V2y(ti-h) {vm 

In  the  case  of  gases,  the  coefficient  of  cubical  expansion  is  so 
great  that  w(^  an*,  not  accurate  enough  in  writing  V2  in  place  of  Vo. 
Con.s<H{U<'ntly  for  gas(^  the  approximate  ecjuatiou  (139)  is  inad* 
misKible. 

For  considerable  temperature  ranges,  the  coefficient  of  ex- 
pansion of  any  given  gas  at  constant  pressure  is  very  nearly  con- 
stant, and  for  all  gases  it  has  very  nearly  the  same  value.  When 
temixTatuH's  are  expressed  in  centigrade  degrees,  the  coefficient 
of  expansion  of  gases  is  about  1/273,  and  when  expressed  in  Fahren- 
heit degrees  it  is  about  1/459.  Consequently  the  volume  of  a  gas 
at  /°(\  is,  (137), 

Fi[  =  ^o(l-f-701  =  T^o(l+~.j),       .      .      .      (140) 

and  at  i'**  F.  the  volume  is 
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The  fact  expressed  by  these  two  equations  is  called  Chai-les' 
Law. 

229.  Relation  between  the  Coefficient  of  Linear  and  of  Cubical 
Expansion. — Consider  a  solid  cube,  each  edge  of  which  at  o°  has 
a  length  Iq,  Its  volume  at  o°  is  Vo  =  k?.  If  the  temperature  be 
increased  1**,  each  edge  will  attain  a  length,  (133),  /i=io(l+a), 
and  the  volume  at  this  temperatiu^  will  be  Fi  =  FoCI+y). 

Thus  the  volume  at  1**  is 


Vi[  =  li^=  (fc+/oa)3]  =  fc3+3Zo2(fca) +3fc(fca)='+  (/oop. 


(142) 


The  volume  at  1**  is  made  up  of  the  original  cube,  Fig.  220,  to- 
gether with  three  square  slabs,  each  having  an  area  of  base  4)^  and 
thickness  fca,  three  rectangular  strips  of  length  Zo  and  area  of 
cross  section  (loa)^,  and  a  cube  of  edge  (fco),  Fig.  221. 


,^L-^ 

■.Q.'. —  I 
1         1 

I j 

n 

Fio.  220. 


Fig.  221. 


Fig.  222. 


If  a  be  sufficiently  small  compared  with  /©,  the  terms  of  (142) 
containing  a^  and  o^  are  negligible.  That  is,  the  volume  of  the 
cube  in  Fig.  221  and  expressed  by  (142)  approximately  equals  the 
volume  shown  in  Fig.  222  and  expressed  by  the  equation 


But 

Whence, 


7i==Zo3+3Zo3a. 

Fi[=Fo(l+7)]  =  fe^  +  «0='7. 

7  =  3a. 


That  is,  the  coefficient  of  cubical  expansion  is  approximately 
equal  to  three  times  the  coefficient  of  linear  expansion.  For  this 
reason,  tables  of  physical  constants  seldom  give  coefficients  of 
cubical  expansion. of  solids. 
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230.  Uniform  and  Ununifonn  Expansion. — By  arbitrary'  coi 

vention   llie   lutio  l^elweeii  any   two   ehaiiges  of  tempcratun' 
taken  to  be  ihe  ratio  between  the  changes  in  pressure  of  a  fix( 
mass  (if  Iiydro^eiij  kept  at  constant  volume,  when  subjertefl  to 
the  given  temperatures  (Art.  107).     A  body  that  ehangcs  in  vohnue 
in   pro[Xjrtioii   to  the  change  of  temjxTature  as  measured   by  a 
normal   thorniomcter,   is  said   to  expand   iinifomdy,   or   to   have 
a  constant  coefficient  of  eximnsion.     This  is  e<iuivalent  to  saWng 
that  a  txMly  has  a  constant  coefficient   of  ex|mnsion  when  the 
ratio  Ijctween  any  two  changes  in  volume  e(jua]s  the  ratio  be-j 
tween  the  changes  in  pressure  of  a  fixed  mass  of  hydrogen  ke| 
at  eonj<{aii(  volume  and  sul^jectcd  to  the  same  tcmperatiuv  changes. 

For  all  tem|K!raturos  Ijotween  the  freezing  point  and  the  boil-  ^ 
ing  point  of  water,  mercury  changes  in  volume  in  very  nearlj^f 
the  same  projiortion  that  hydrogen  at  constant  volume  changes 
in   pressme   when  subjected   Lo   the  same  temperature  ciiangcs. 
At  temperatures  much  higher  than  the  boiling  point  of  water, 
the  ratio  of  the  changes  in  the  volume  of  inercurv  when  the  tem- 
perature is  changed,  does  not  very  nearly  equal  the  ratio  of  tl 
changes  in  the  pressure  of  hydrogen  kept  at  constant  volume^ 
when  subjected  to  the  same  temperature  changes.     Consequently! 
mercuiy  is  said  to  expand  nearly  uniformly  from  0°  to  100**  C, 
but  not  at  tem|x?mtures  much  above  100*^  C.     The  same  is  ti 
for  glass.     For  this  reason,  a  mercur>'-in-gl:v*s  thermometer  with 
a  uniform  bore  may  have  one  hundred  equal  spaces  b^'tween  the 
freezing  point  and  boiling  point  of  water,  and  at  all  temperatuj 
between  0°  and   \(Mf  C\,  the  indications  will  be  nearly  correct 

On  the  other  hand,  water  expands  so  unuuifonniy  that  it  a 
scarcely  be  said  to  have  a  coefficient  of  expansion  even  for  a  lii 
ited  range  of  temp<'rature.     Tn  fact,  if  the  temperature  of  water 
be  raised  from  the  fR*ezing  point,  it  will  fli^t  contract.     This  con- 
traction continues  till  the  temi>erature  is  about  4*  C.     Above  thi 
temperature  water  expands  when   Ihe  temperature  is  incrcosei 
but  not  in  the  same  ratio  jis  the  pressure  of  hydrogen  int 
for  the  same  change  in  temperatui-e. 

231.  The  Fundamental  Law  of  Perfect  Gases. — If  the  temper- 
ature of  a  gai5  i>e  kept  constant,  tiieti  through  a  considerable  range 
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of  pressure,  the  volume  varies  inversely  with  the  pressure.     It  alao 
varies  dire<^tly  with  the  mass.     That  is, 


tn. 


Vap(when  temp,  is  constant). 


is  one  form  of  Boyle's  Law. 
If  the  prejssure  of  a  lixnd  iniuss  of  ga>i  he  kept  eonstant,  then 
throu^   a   considerable   range  of  temperature,   we  have,   from 
Charles*  Law.  040),  when  temixratures  are  expressed  according 
to  the  cenligrade  scale, 

Voc    1+^^  (when  pressure  is  constAnt). 

A  gas  that  wunlt!  (»!>ey  Boyle's  hiw  at  all  pn^sures  and  temper- 
atures is  called  an  i/feal  or  perfect  gas.  For  an  ideal  gas,  the  above 
variations  give  the  efjuation,* 


"^['^m] 


where  C  is  a  constant  of  proportionality.     From  this  equation  we 
obtain 

C 

Denoting  the  constant  quantity  ^=n  by  the  symbol  Rj  we  have 

P7=;em(273H-0. 

If  we  were  to  mejusun^  Irmpvralttro  From  a  zero  which  is  273°  C 
below  the  centigrade  zero,  ami  df^note  thes<^  tei»iix»raturti«  by  T, 
the  preceding  equation  would  lircoine 


PV  =  RmT. 


(143) 


*  "  If  ^  viuiea  Ma  B  when  C  i*  coiuilADt,  mud  A  vnriea  aa  C  when  B  is  coQBtant.  then 
4  nuy  BM  0C  when  both  B  and  C  vary." — Uali  and  Koicht,  Higher  Algebra,  p.  23. 
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Tliis  is  called  the  Fundamental  Law  of  Perfect  Gases, 
gases  obey  this  law  for  a  <*crtain  rnnge  of  temperature  and  pi 
sure  which  is  diffei-ent  for  cHtTercnt  gases.     No  actual  gas,  how- 
ever, obeys  this  law  for  all  t^Miiix-ralun's  and  pressures. 

If  we  lake  as  the  unit  of  nuxss  tlu^  muuber  of  grains  numerically 
oqual  to  the  molecular  weight  of  the  ^\s,  then  for  any  gas  the  gm 
consUinl  R  has  the  value  83.15(10')  ergs  per  **  C.  In  all  of  our 
problems  this  constant  cancels  out  and  so  its  value  need  not  be 
mernonzed. 

Unsftturatetl  vapors  not  near  the  temperature  of  condensation 
vciy  TKuvrly  ol)ey  the  law  of  perfect,  gtises.  Saturated  vapors  do 
not  ob(!y  this  law  or  the  liiw  of  t'harlcs  or  t-hat.  of  Boyle. 

232.  The  Ideal  Gas  Temperature  Scale.— The  simplicity 
the  fundamental  Itiw  uf  iileal  jiasc.s  is  ulilixeif  in  constructing  a 
tcin|X'rature  scale  in  which  the  zero  jKnnt  is  2713  ccntignide  degrees 
below  the  centigrade  zero  (or  459  Faixrenlieit  degret*s  below  the 
Fahreniieit  kci-o),  and  in  which  temperatun^s  are  expressed  in  t^rms 
of  the  eharige  iu  pressure  of  a  5xed  mass  of  ideal  gas  kept  at 
stunt  vokune. 

According  to  the  Ideal  Gas  Temperature  Scale,  the  ratio  beit 
two  tetnperaiurcs  equals  the  ratio  between  the  pressures  of  a  fixed 
mass  of  ideal  gas  at  cotisiarU  volume  when  at  the  given  temperor^^J 
turcs.  ^1 

Only  at  temperatures  above  lOtX)*'  C\  is  the  deimrture  of  the 
Normal  Hydrogen  Scale  so  much  as  one  decree  centigrade  from  ^ 
the  Ideal  Gas  Scale.     Since  the  departure  of  hydrogen  from  beingH 
an  ideal  gas  has  Ix^n  determineii,  it  is  possible  to  reduce  an  ob- 
served "  normal  temiwrature  "  t«  the  corresponding  *'  ideal  gas 
teni]>erature." 

Temperatures  reckoned  from  the  absolute  zero,  (—273**  C. 
or  —459°  F.),  are  called  absolute  tempei'otures.    Thus,  20°  C.  equals' 
293°  C.  Absolute,  and  20^  F.  equals  479°  F.  Absolute.    It  should 
be  kept  in  mind  that    T  in    (143)   represents   the  temperature 
reckoned  from  the  absolute  zero. 
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Solved  Problrm 


pROBLEU. — A  (own  m  ftupplied  with  gfis  at  a  pressure  of  3  inches  of 
wntKT  above  the  atnjospheric  prwBurc.  When  tho  baromotrif?  pirssiiro  w 
31  incbes,  and  the  gas  temperature  is  40"  V.,  the  town  ii^es  10.0(J(),(XKJ  cubic 
fcrt  per  week,  aiul  the  company  mMtlior  giiins  nor  loses  Ansunung  thiit  the 
maae  nuusfi  of  k^^  w  iwed  during  u  wi*t.'k  whfu  lh«  average  haroniptrir  pressure 
u  30  inche*.  arid  the  average  gas  len»peratnre  is  50**  F.,  find  the  profit  or  lass  of 
the  coni|>iiny  for  the  WLH*k. 

Jilon:Tii>N. — Reprcsenlintt  the  pressure,  vohimo,  nuucs  and  nlwohite  temi>pr- 
aturr  of  tlie  (ca«  wheii  the  coiupany  neither  gaine  nur  Utaes  by  f'u  W,  m  and 
Tu  mspeclively;  and  the  corresponding  quantities  in  the  second  ojwe  by  J\ 
Vi,  m  and  Ts,  respcctivcsly,  we  may  write  for  the  two  casca, 


and 


DividiuK  each  memlwr  of  the  Utter  c(|Uation  by  the  corresponding  member 
of  the  former,  wc  obtain 

PtViT, 
PiVi     7\' 

Henee  ttic  volume  of  the  goB  in  tho  MOf>i>nd  cane  is 

P.v.r, 


V, 


/*tr. 


PJ- 3 +31X13.01  =424 .6  inches  of  wat«r 
PJ«3+:WX13.fil -411.0       "  '* 

Ki  - 10,000,00(1  rii   ft. 
r,|-40+4591-499''F  Ahaohite. 

rj-fiO+459|-.Vm*'F. 

,6  X  10,000,000  x.5t)y 


r_f,r,7V      424, 


411X490 


=  10,537.903  cii.  ft. 


ev. 


lently,  for  the  siunc  luna^  nf  gafl  there  is  a  gain  in  volume  of  ,537,903 
ft     There  is,  then,  a  profit  of  ^W7.yu. 
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QUBBTIONa 


1,  Why  do  iron  workerw  sometimes  use  rod-hot  rivets?    Why  do  water  pi] 
soinetuni«  burst  in  t-oU!  wuntluT?     Kxplairi. 

2,  If  air  is  heated  nml  imt  aJIowed  to  expand,  what  change  occurs? 
the  law  which  shows  the  relation  between  this  change  and  the  change  of  te: 
peruture. 

3,  A  birryrle  tire  when  filled  with  nir  and  left  stitciding  in  the  hot  sunsh 
will  sometimes  burst.     Stat^  the  law  of  heat  which  accounts  fi>r  thifi. 

4  Whnt  property  of  matter  miL*tt  be  guarded  apaiiwt  in  the  manufarture 
of  clock  penduluius  and  balance  whet^la  for  watches?  How  Is  it  guarded 
against? 

6.  WTiy  is  a  steel  wagon  tire  put  <tn  the  wlic<?I  while  hot?  When  a  gtajs 
stopper  LS  fast  in  a  bottle  it  can  sonictLnxes  b<_-  K^jscned  by  heating  tlie  neck 
of  the  bottle.     Kxplain. 

6.  An  ordinary  cheap  alarm  clock  may  be  regulated  to  keep  ttnic  fairly 
well  if  kept  at  ordinary  room  tcnii>craturc8.  If  in  winter  the  windows  are 
thrown  open  so  that  the  room  cools,  the  clock  gains.     Kxplain. 

7.  There  is  a  nirkel-stcel  having  a  coefficient  of  elasticity  that  increases 
with  riise  of  t^^mpcraturc.  Show  that  a  watch  having  a  huir  spring  made  of 
this  matiTJal  in  ctjonection  with  a  brass  balance  wheel  can  be  constructed 
which  will  not  be  aiTe<;ted  by  temperature  ehaiigea. 

8.  If  I  he  bulb  of  a  thermometer  bo  plunged  into  hot  water,  the  mercury 
arat  falls,     ^^•hy? 

9.  Illuminating  gas  is  bought  by  volume      Will  a  customer  obtain  agreai 
mass  of  ga.s  j)cr  ihousand  tnhic  feci  when  (n)  the  barometric  pn^sHure  is  high 
or  when  it  is  low,  (b)  when  the  temperature  is  high  or  when  it  is  low? 

10.  Why  will  a  cake  "fall"  if  the  oven  door  be  opened  before  the  loaf 
done? 

11.  What  causes  the  enamel  to  fhike  off  of  granite  ware  cooking  utenaalsT 


Lea 
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233.  Three  Modes  of  Propagation. — Thoro  are  tlirec  means 
by  which  one  Inniy  may  recpive  hont  from  iinothpr.  They  are 
called  convection,  conduction  and  nidiiition. 

If  a  dish  of  cold  water  be  set  on  a.  hot  stove,  thf!  lower  layers 
of  the  liquid  will  Iwcoiuc  heated,  will  expand  and  l>e  pushed  up- 
ward, thereby  carrying  heat  to  the  upper  layers.  The  tran^rtfer  of 
heat  effected  by  heated  matter  moving  from  one  place  to  an- 
other is  called  thennal  convection.  Convection  occurw  in  fluids  in 
which  there  exist  temix^rature  differences. 

If  one  end  of  a  meta!  roil  is  at  a  higher  tempetuture  than 
the  other,  heat  will  tnivel  from  the  hotter  to  the  colder  end.  In 
this  case  the  body  itself  does  not  move,  but  the  molecules  com- 
posing the  body,  perha[)s  by  impact  with  neighboring  molecules, 
hund  on  the  energj*  from  the  hotter  end  tti  the  colder  end.  The  - 
flow  of  he-at  effected  by  heat  being  handed  on  successively  by  I 
one  set  of  molecules  to  the  next  is  called  ihtrmal  cotuhiclion. 

A  themioraeter  placed  a  few  feet  from  a  red  hot  coal  will 
indiciitc  a  rise  of  temperature  even  though  the  intervening  space 
be  occupied  by  a  glass  jar  from  whii'h  the  air  has  been  pumped. 
Since  much  of  the  space  between  the  coal  and  the  ihennometer  is 
devoid  of  matter  we  conclude  that  matter  is  not  nccessaiy  for  the 
transportation  of  whatever  passes  from  the  hot  coal  to  the  ther- 
mometer. And  since  we  conceive  heat  to  be  the  kinetic  energy"  of 
particles  of  matter,  we  conclude  that  it  is  not  heat  that  passes 
from  the  hot  lx>dy  through  the  vacuum  to  the  thermometer.  It  is 
found  that  the  energ>'  emitted  hy  hot  bwlies  can  produce  inter- 
ference effects.     Consequently  we  believe  that  this  energy  is  trans- 
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mitted  by  wavps.  These  waves  are  propagiitwl  by  the  ether  ai 
not  by  matter.  The  process  by  which  a  heated  body  sets  up  wai 
ill  tlu'  siirniimding  ether  is  ciiHeti  radiation.  The  energy*  of  tli( 
waves  Ls  called  nuiianl  energy  or  rtuiiance.  Radiant  energy 
absorbed  readily  Vjy  some  sqrtti  of  matter  and  Iriinsfonned  into  tl 
diwtrderly  molc^ciilfir  motion  wliinh  we  call  heat.  Thus  it  app>ej 
timt  ill  the  alMjve  ca.se,  the  hot  coal  wt  up  waves  in  the  surroundii 
ether;  these  waves  moved  outward  in  all  directions;  and  some 
the  cncrK>'  of  the  wave  nn>tion  was  absorbed  by  the  thennomet 
and  tmnsformcd  back  into  heat. 
•  At  noon  during  midsummer,  on  a  clear  day  and  at  the  latitude 
of  New  York,  tlic  enrth  receives  from  the  huh  an  firnount  (tf  radiance 
equal  to  about  two  cidories  [x-r  minute  [x^r  Mjiiare  tentimeter.  If 
all  the  mdianee  received  from  the  sun  at  midday  on  a  cleju*  day  bjfl 
a  ship  at  the  ecpiator  rould  be  tunicft  into  work  und  applied  to  the 
projx^Uer^  the  sliip  would  L)e  prfUK-llod  at  a  s[H'cd  of  alx>ut  ten 
kuots.  ^ 

In  convection  and  nonduction  there  is  an  actual  transfer  of 
heat,  but  in  radiation  such  is  not  the  case.     In  radiation,  (here  is 
a  transfer  of  energy-  which  may  \w  al>8orbed  by  matter  and  by  i^fl 
be  transformed  into  heat.     By  radiation  one  body  may  lose  heat^ 
and  by  absorption  another  Ixxly  gain  heat,  liut  heat  does  not  pass 
from  one  body  to  the  otlier.     Another  case  where  heat  energy 
disai)pcars  at  one  place  and  apix^are  at  anotht^r  is  that  of  a  system 
consisting  of  a  Ixjiler,  engine,  belt  and  mat-hint*  witli  a  dr>'  liearing. 
With  a  fire  under  the  boiler,  the  dry  bearing  will  become  hoMl 
although  no  heat  goes  from  the  boiler  to  the  dr>'  shaft.  ^* 

234.  Convection. — The  circulation  of  water  in  the  hot  water 
apparatus  used  for  supplying  the  hot  water  taps  in  private  hou^e^| 
is  a  familiar  example  of  convection.  The  hollow  casting  B  forms^ 
one  side  of  the  fire  box  of  the  kitrhen  range.  The  tank  A,  "  water 
l>ack''  Bt  and  all  the  pipes  are  kept  full  of  water  by  being  con- 
nected to  the  service  pij>e  at  C  After  hieing  heated,  the  water  in 
the  water  back  is  le.*«  dense  than  that  in  the  Inittoni  of  the  tank  and 
so  is  pii.'^hed  upward.  In  this  manner  cold  water  fmm  the  bottom 
of  the  tank  flows  into  the  water  back,  and  after  being  heated  Rows 
int*)  the  upper  part  of  the  tank.     On  opening  a  tap  connected  to 


aWVECriON  AND  CX>NDUCrriON 

the  pipp  above  D,  hot  wulci*  will  bo  dravni  from  the  water  back 
and  from  the  ui4>cr  pait  of  the  tank. 

T!m»  heating  of  a  house  by  hot  water  or  by  hot  air  is  due  to 
convection.  The  arrangement  of  the  hot-water  system  is  shown 
in  Fig.  224.     The  entire  apparatus  consisting  of  boiler  j5,  *'  radia- 
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tors  '*  R,  and  piping,  is  kept  fiUtMl  wilh  water.  Tfie  Iiot  water  in 
the  boiler  rises  to  the  top  and  ptusses  out  through  the  pipe  //  while 
the  morf^  dense  cold  water  ilows  into  the  iKjttom  of  the  boiler 
tbrouRh  tlic  pifw  C.  After  the  hot  water  has  been  cooled  in  the 
**  nuiiator^  "  it  falls  tlu^ough  the  ]}\\xiti  C  and  its  pluce  is  taken  by 
liot  water  rising  through  the  pip<*  //'. 

In  order  that  the  system  may  be  kept  full  4jf  water  under 
practically  constant  pn^'SHurt»,  a  small  tank  is  joined  to  the 
pifiing,  at  a  point  hijiher  than  the  "  ratlijitoi-w."  When  the 
water  in  the  system  expands  or  eontrarts  wilh  change  of  tem- 
perature, the  level  of  the  water  ii^  the  L'.\pMnsion  Uuik  liscii  or  falls. 

Winds  and  ocean  currents  are  convcM'tion  currents  on  an 
t'jjornious  scale.  If  one  purlion  of  the  earth's  surfafo  Im»  heated 
to  a  higher  tempt^ature  than  the  surrounding  regiori,  the  air 
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reasal 


in  contact  with  the  earth  will  expand  and  form  a  region  of  low 
barornrtric    pressure.     The    flow    of   air    from    the    surrounding 

region  into  tliis  low  pressure  art^u  con!*titufcs  wind. 

235.  Thermal  Conduction. — In  thcniial  conduction  heat 
handed  on  from  molecule  to  molecule  in  the  direction  of  dec 
of  tcm|)craiure.  Metals  rin^  the  Ix-st  ctmductors  whereas  the  other 
mineral  substances  are  poor  conductors.  With  the  exception  of 
liquid  nielals,  fluids  are  verj'  poor  conductors.  Air  is  such  a  poor 
conductor  ihat  it  is  ver\*  effective  in  preventing  a  rapid  change  in 
the  temjKTuture  of  any  body  which  it  enveU>i)s.  But  in  oixicr  thai 
the  air  may  not  convect  heat,  it  must  be  prevented  from  circula- 
ting. Chru'coal.  sawdust,  mineral  and  animal  wool,  and  other 
porous  boflies,  owe  their  efficacy  as  nonconductoi*s  largely  to  the 
air  entangled  within  them.  Clothing  and  steam  pipe  covering, 
well  as  tlie  "  fireless  cooker  "  anil  the  ordinary  refrigerator  a 
examples  of  the  appUcation  of  this  fact. 

The  fart  that  nietnlH  nrp  pf»od  cniKlurlors  of  hrakt  is  iitilizrd  m  i\\f.  Da 
Safety  Lamp  fin|)loyrd  to  warn  rniiuTw  of  tlu'  prwvncu  of  iMlUiimiuibk*  g;a80S 
Davy's  dpvirf  {oiiKiHtA  in  surrounding  the  flame  with  a  r 
mndc  of  fine  wire  gatize  FUpjwrt<*<i  by  massive  meud  roda 
If  such  a  lamp  is  taken  ioto'an  rxplosive  mixture,  the 
that  gets  iuRide  tli<'  gnUKC  rage  will  ignite,  but  on  amnin 
of  the  mpidity  with  winrh  the  heat  i*  eonducted  nwiiy  I  , 
the  i!)ctiil  gauze  iiira_i|^imp.  the  temperature  out.<Udc  the 
cage  will  not  quickly  rise  to  the  point  neecwsary  to  ignite 
the  gns  outside.  "VVhen  a  " working"  is  fotmd  to  He  dan- 
gerous it  is  vciitihited  Iwfore  the  workmen  witli  tti 
urdinar)'  lam])s  are  allowetl  to  ent«r. 

A  pi^oe  of  metal  fecl^^  rolder  to  the  hand  than  does 
piece  of  W(X)d  nt  the  snmc  tempemture,  if  this  temixrrature 
is  bolowfthi/  of  ih^J^o'dy.  The  reason  is  thnt  the  metal 
iijiidm-tH  neat  away  from  the  hand  more  r!i[iidly  than  does 
the  wood.  If  the  temperature  of  the  metal  and  wood  were 
higher  thiui  TFiiit  of  the  hiyid^then  the  mot&l  would  feel 
Vii,.  22'}.  hotter  than  Oic  wooii       ^^^..  ■ 

That  a  metal  rondu«^  heat  much  better  than  docs 
may  also  be  ilhislrnted  hy  pa^sinK  (hrtj|»Kn  a  flalTic  a  piece  of  paper  ptrct 
over  t\  ryliiider  nia<Ie  nf  alternate  disIflWf  metal  and  of  wood.    It  will  Ik-  foi 
that  the  [x>rtions  nf  luijK'r  l)afked' by  molal  remain  unseorchwJ,  wlieresis  the 
portions  of  jmiikt   Imi^ked   by   wood-jtro  w^oreheil.     Thia  ia  duo  to  the  fact 
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tlttf  the  melA!  Hisks  coiulurted  heat  away  from  ihv  pap(*r  in  nontnrt  with 
them  BO  rapidly  that  thi^se  [Mjrtiun^  did  nut  risu  to  a  high  tc-niiKTaturp,  whereoH 
tbe  wood  disks  did  not  conduct  heat  away  from  the  fmjKT  in  contact  with 
tbem  with  sufficient  rupithty  to  proveut  a  coiit-idcrublu  rise  in  temperature 
of  these  jmrtions. 

If  an  imbaked  rake  in  a  metal  dinh  be  plaec<l  in  a  hot  oven,  he^t  will  be  so 
quickly  conducted  thmugh  the  dbth  that  the  outaide 
of  the  rake  will  harden  long  before  the  center.  The 
oibocquent  expansion  of  the  air  !>ubble-s  within  the 
ftnt])Eh  will  catise  an  eniptinti  thrt>ngh  the*  i-enler  of  the 
upper  crust  and  the  consequent  volcano-like  form 
fometimes  9t*n.  If  tlie  dish  be  of  (flaws  or  earthen 
ware,  and  the  oven  leas  hot,  the  upi)er  crust  will  be 
nearly  level. 

To  cook  rice  with  only  a  little  more  water  tliau 
is  necessary  to  cover  it  requires  about  lialf  an  hour. 
But  if  the  nc^'.  bo  sprinkled  into  a  large  kettle  of 
vwlcnlly  agitzited  InjiUng  water,  only  about  fifteen 
minutes  w  rcquirwl.  In  the  first  cjlsc  the  heat  is 
slowly   conducted  through  the  moss,     In  the  second 

the  heat  of  the  boiling  water  passes  directly  into  each  separate  grain, 


Fig.  226 


236.  Coefficient  of  Thermal  Conduction. — -Let  us  now  con- 
sider the  flow  of  iieat  along  a  rod.  Lot  AG,  Fig.  227,  repref^eiit  tlic 
rod  in  which  are  imbedded  the  bulbs  of  a  niuiiber  of  thermometers. 
If  the  end  A  be  placed  in  the  fire  it  will  l>e  observed  that  all  the 
thermometers  begin  to  rise  and  continue  to  rise  for  some  time. 

After  an  hour  or  more,  depending 
upnn  the  nuiterial  and  dimensions  of 
the  rod,  B  will  stop  rising;  a  little 
later  C  will  stop  rising,  and  finally  G 
will  stop  rising.  If  the  teiniKMatiire 
of  I  be  source  at  A  does  not  change, 
the  temperature  of  eacli  element  of 
The   rod  is  said  to  be   now    in    the 


*1_^ 


•F 


Q^Qf 
Fig.  227. 


the  rod  will  l>e  eonstani 
"  stationary  state."  Before  the  rod  attains  the  stattonar}-  state, 
each  element  of  the  rod  receives  heat  by  conduction  from  the 
adjacent  element  on  the  left,  absorbs  part  of  this  heat  and  rises 
in  temperature,  emits  a  part  hiternllvj  and  hands  on  the  remainder 
to  the  adjacent  element  on  the  right.  After  the  stationary  state 
hft.s  been  attained  no  element  absorbs  any  heat. 
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If,  while  in  the  stationary  atute,  Uierc  were  no  loss  of 
into  the  air  through  the  siilcs  of  the  roil,  the  heat  flow  would 
uniform  throughout   thr  Iriigtli  of  the  rcMl.     It  is  found   by 
periuient  that  under  thc^c  coiiditioa'*,  if  the  opposite  faces  o 
clement  of  length  x  und  are^i  of  cross-seetion  -4  are  maintained  at 
a  tem[X'rature  dilTorence    (Oi— 62),   then   the  quantity   of  hei 
H  condueted  through  the  element  during  time  /  varies  direetJ 
with  A;  varies   direetly   with    (Bi— Bo);  varies  directly   with 
varies  inversely  witli  x;  and  for  a  K*ven  material  is  independent 
evcr>'  other  quantity.     C'onsetiueiitly  we  may  write 

the  quantity  k  Ixnnjit  constant  for  any  given  material  but  having 
different  vulues  for  difTrrenl  iimteriaLs.  It  is  culled  the  ''  eot'ffi- 
cient  of  t hernia]  fonduction  "  of  the  given  aubtitance.  The, 
value  of  the  eoeffieient  of  the.mial  eonduction  is 


k^    "' 


A{ei~B2}t 


The  theniial  eonduetivity  or  eoefficieut  of  thermal  conduction 
is  the  time  rale  of  transfer  of  heat  by  eonduftion  through  unit^ 
tliiekneK*?,  across  unit  area  for  unit  difference  of  t^mpenilure.  ^l^| 
the  C.O.S.  systi^m  of  units  it  is  measured  in  calories  jx^r  second  per 
Bciuare  cenlimeler  for  a  tluckncss  of  one  centiineti^r  and  a  tcm-  ^ 
perature  difference  of  1°  C-  In  the  F.P.S.  system  of  units,  it  i|^| 
usually  meuf^urod  in  lJ.t.\i.  jK*r  Kec<:irul  p(»r  scjuaiv  foot  for  a  thick- 
ness of  one  inch  and  a  temjK-ratun*  difference  of  1*^  ¥.  Sometimes^ 
however,  the  time  may  be  for  a  minute,  an  hour,  or  a  day. 

For  many  substjinccs  the  thermal  contiuctivity  is  very  differrnl 
at  different  teiii|X'ratuivs.  Since  there  arc  no  molecules  in 
vacuum,  no  heat  is  conducted  through  a  vacuum.  And  as  in  a  gas 
under  ordinary  pit'ssuri'S  the  molecules  are  ^*paratetl  by  con- 
siderable spaces,  ga.ses  are  iwwjr  conductors.  If  (he  gas  occupies 
a  large  space,  however,  there  will  be  considerable  heat  propagated 
by  convection.  Most  of  tlie  available  heat  insulators  or  non-con- 
duct-ors  are  porous  materiids  containing  a  large  number  of  smiiU 
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air  spaces.     Woolon  clothiiijEC,  bed  quilts  filled  with  cotton  and 

asbestos  steam  pipe  covering,  are  examples. 

In  the  following  table  are  given  representative  valuer  of  coeffi- 
riente  of  thermal  conduction  of  several  poor  conductors^  expressed 
in  B.t.n.  per  hour  conducted  Ihnmj^fi  a  htyer  one  square  fm>t  in 
area  and  one  inch  thick  when  the  opixjsite  faces  arc  at  a  difference 
of  tejnpeniture  of  P  F.* 


Rubfltonre 

%air 

k 

Ship's  wool ..,..,.,, 

Cotton             

95  7 
9S 
■     91.5 
S3  8 
94  3 
04. 
97 

0  36 
0  44 
0  50 
0  75 
0  50 
0  50 
0  66 

Hair  fe!t      

Poplar  sawdiiflt 

Mineral  wiiol. 

Carbonate  of  magneeiunt .  . . 
Asbestos 

If  two  substances  of  low  conductivity  and  widely  different  tem- 
peratures are  separated  by  a  phit(*  of  hif^hly  cnndiurtinR  material,  the 
teiii|)er»ture8  of  the  layers  adjacent  to  the  plate  will  be  consiilerably 
different  than  the  temperature  of  the  surface  of  the  plate.  The 
difTerence  between  the  temperaiures  of  (lie  two  surfaces  of  a  lx>iler 
plate  is  small  compared  with  the  differences  between  the  tem- 
peratures of  the  water  on  one  side  and  the  fire  on  the  other. 

Solved  Problemh 

pRouLKM. — Steam  at  227*  F.  is  conveycMj  throH«h  HKK)  ft.  of  bare  inm  pipe 
3  in  outside  diameter  laid  iu  ground  at  a  incaii  icin|jeratureof  50"  V,  Aasura- 
ing  ttial-  steam  cost-a  $0,003  per  lb.,  that  iit  thu  givt^ii  teni[K<mturc  the  heat 
equivalent  of  vaix>ri/ation  of  watnr  is  ItfiO  fi  B.t.u.  per  lb  .  nnd  that  burr  iron 
pipe  (YHiduntfl  51  B.t  u.  r>cr  aq.  ft  of  outsido  mirface  per  "  F.  diffrrenre  of  tem- 
lierature  in  one  day.  find  the  number  of  dollars  lost  per  day  due  to  condensation. 

8onmoN^^Hcat  lost  in  one  day 

2._ 

-M(e,-0,)«  I  (51)1000 -7:^f227 -50) 


=  7.089,000  B.t.u. 


7-M)  lb. 


'«'22  14  i>er  day. 


lee  Knd  Rt-rrigerfttlon,  1891.  p.  316. 


i 


Problem. — Find  the  economy* eff«'t«i  ijer  day  by  covering  the  pipe  in  the 
pre<«ding  problem  with  a  laypr  one  inch  thick  of  Nonpareil  covering  whieh  han 
a  thermal  conductivity  of  7.4  B.t.u.  per  sq.  ft.,  per  inch  tliickness.  per  **  V 
day. 

SoiiimoN. — Heat  lost  in  one  day  =  7.-L4(0i— 6j).     In  the  present  ciiae 
represents  the  product  of  the  length  of  the  pijw  and  the  mean  circumf^^nce 
of  the  covering. 
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He&t  lost  in  one  dav 


Steam  oondenaed  in  one 


=  (7.4)1000^(227-50) 
,      r     1.371,0001 

'"4  ^^^^5:^1 


L:171,0(»  B.t.u. 


1427  lb. 


ham  due  to  mndcnAaUon  [1427X0.003J  >=$4.28  per  day. 

Ek»nomy  effected  by  uuo  of  pipe  covering  [  «$22.14 — $4-28|  =$17.86  per  day, 

or  86%. 

Pkoblem. — A  room  10  ft.  by  10  ft.  and  8  ft.  high  has  floor,  ceiling  and  walls 
of  concrete  6  in.  thick.  It  Is  desired  to  line  this  room  with  cork  board  of  »uch 
thickness  that  the  temperature  of  the  room  will  be  maintained  at  50**  F.  lower 
than  the  outside  temperature  by  the  melting  of  KHWlb,  of  ice  per  day.  Assum- 
ing that  the  coniiu<'tivity  of  concrete!  and  of  cork  botird  are  respectively  \(Ki 
and  8.0  B.t.u.  ixt  sq.  ft,,  i>er  iucli  thickne»<,  fwr  °  F.,  per  day,  find  the  thick- 
ness of  cork  Iward  rcqiiirwi. 

Soi.i'TioN. — Fur  the  atnuiint  of  heat  conducted  through  the  concrete, 
we  may  write, 

jfc,-4(e,-e»)/ 


//  = 


or 


Since  the  same  heat  pameH  through  the  cork  board,  we  may  write, 


//  = 


or 


ork  boai 


9.-9,. 


9,-9. 


I 


Ad(iing  to  each  member  of  the  former  e<)uatiun,  the  oorresixmding  member  of 
the  latter, 


r^(S-s)  — 


4 

QDermff 


On  substituting  in  IhiH  ecpialion  the  data  of  the  pmblem,  and  remembermg 
from  the  solved  ]m»blem  on  p.  ;Wf'>  that  144  B.t.u.  are  required  to  melt  1  lb. 
of  ice  at  iXa  melting  point,  wo  have,  if  the  melted  ice  oecapes  at  the  melting 
point, 


1000X144 
520X1 


(-+-)  = 

\103     8.(5/ 


50. 


Alienee 


xt  =  X  inch  (very  nearly). 


Radiation 

237.  Absorbing   Power   and   Radiating   Power. — In    general^ 

when  ra<iiance  Ls  int-idcnt  ufwn  an\'  botly,  part  of  the  cnerg>^  will 
be  rvflecled,  part  absorbed  aud  trausfornied  into  the  disorderly 
molecular  motions  we  call  hral,  atui  the  remainder  will  be  trans- 
mitted. Polishetl  silver  is  tljc  bcj^t  reflot'Lor;  it  refiefts  about  97 
per  cent,  of  the  radiant  energ^v  incident  uptm  it.  I^impblack  is  the 
best  absorber;  it  absorbs  about  98  jxt  cent  of  all  the  energy  inci- 
d«it  upon  it.  (J^lear  rock  salt  is  the  l_K*st  known  transmitter;  a 
;date  0.25  cm,  thick  will  transmit  about  90  per  cent,  of  the  total 
radiant  energ>'  incident  upon  it. 

If  radiant  energ>'  be  incident  on  a  lK:»dy  consisting  of  molecules 
Uiat  have  natural  periods  of  vibration  equal  to  the  periods  of  the 
iucidont  wavt*s,  the  molecules  of  matter  will  be  set  into  sympa- 
tiietic  \-ibration.  This  entails  a  loss  of  em»rg>'  by  th(^  incid<^nt 
wave  and  a  gain  of  internal  energy  by  the  absorbing  bixl^-.  The 
energy  gaine<i  by  the  absorbing  body  is  exhibited  by  a  rist^  in  the 
temperature  of  the  body.  That  is,  the  radiant  energy  is  trans- 
formed into  heat  euerg>'.  The  heat<*<l  body  will  now  emit  radiance 
f)f  longer  wave-length  than  that  of  the  incident  radiance. 

Some  lxKii<^  al>sorl)  the  eneig\'  of  waves  of  all  periods,  but 
most  bodies  absorb  energy  of  a  ccrt^iui  range  of  periods  only, 
Lainpblack  transmits  no  radiant  energy  and  irfterls  oidy  about  2 
per  cent,  of  tlie  energ>'  incident  upon  it.     A  l.iody  that  absorbs 
only  waves  of  certain  periods  is  said  to  have  the  property  of 
iiv€  absorption.     Clear  glass  and  pure  water  absorb  a  large 
of  the  energy  of  infra  red  ami  ultra  violet  vibrations,  but 
absorb  ver>''  little  of  the  energy  of  \asible  vibrations.     A  solution 
of  iodine  in  carbon  bisulphide  absorbs  the  energy  of  visible  vibra- 
tions, but  does  not  alisorb  infra  red  viliralions. 
■        Aft-er  radiant  energ>'  has  traversed  a  plate  of  any  given  material, 
it  can  traverse  another  plate  of  the  same  material  with  very  little 
additional  ab.sor|>tion.     Some  materials  ai*e  such  strong  absoibers 

I  that  for  them  absorption  is  practically  a  surface  effect.     The 
metals  are  examples. 
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Since  the  vibrations  of  the  molecules  of  ix  radiating  body 
up  in  the  ether  vihnidouH  of  the  same  |)eriocifi,  and  since  the  nati 
ra!  periods  of  the  tnoleeules  of  an  iihsorhinp  htxly  must  he 
same  as  the  pt^riiHls  of  the  incident  waves,  it  follows  that  any  ni 
terial  that  is  a  good  radiator  is  a  good  absorlxir,  and  any  matei 
that  is  u  good  ubHorlKT  is  a  gofKl  radiator. 

Lamphlack  is  our  best  absorber  and  our  best  radiator, 
gases  are  poor  ahsorlx^rs  and  poor  radiators.     A  Iniming  gas  that 
contains  no  ?olicl  iiarticles  emits  yt^ry  little  eiierg\-  in  either  lumi- 
nous or  noiduininous  waves.     Hut  if  the  fiame  contains  particles 
carbon  there  will  be  considerable  radiant  energ>'  emitted  in  bol 
luminous  and   iKmluiuinims  waves. 

The  ratio  of  the  rurjiance  absorl>ed  by  a  body  to  the  radian( 
incident  on  the  body  during  the  same  time  is  called  the  absorption 
of  the  body  at  the  given" temi>orature.     A  boriy  that  absorbs  all 
the  radiance  incident  upon  it  luis  an  absorption  of  unity  and  is 
called  a  block-body  or  pcrfed  absorber.     The  amount  of  radiance 
which  a  Uxly  will  iMuit  [xt  second,  due  to  heat  alone,  is  cjiIUmI  thaj 
emuHsion  of  the  boily  at  the  given  temijeratun*.     Kirchhoff  aiu 
Balfour  Stewart  have  proved  that  (a),  the  ratio  of  the  emiasii 
to  the  absorption  of  any  }x)dY  dejx'nds  upon  the  temperature  only; 
(6),  tliLs  ratio  uurnerically  eejuals  the  emission  of  :i  iierfeetly  bhiel 
body  at  the  same  temperature. 

Again,  the  ravliance  omitted  by  a  Ixxly  is  liniileil  t<»  the  suiue' 
range  of  wave-lenglhs  tltat  tJK^  given  Ixxiy  nl»eiorbs.  This  fart  is* 
expressed  in  Stokes'  Law — "  suljst4Uices  that  are  good  absorlx>i!^| 
of  any  speeifiofi  kind  of  radiance  are  also  good  emitters  of  that  same 
kind  of  rachiinee."  Kirchhoff  enunciated  a  similar  law  in  the  form^^ 
*'  A  substance  wliicli  emits  waves  of  definite  periods  when  heate<|^| 
will  seleclively  absorb  waves  of  the  same  periods  when  cool.'^^ 
For  ex:unple,  clear  glass  absoHw  verj'  Httle  of  the  ra<^liant  energy; 
of  lominous  waves,  and  if  a  piece  of  glass  be  heated  even  to  t 
melting  [Kiint  it  will  emit  very  little  radiant  enc-rgy  in  luniino 
waves. 
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The  land  being  a  better  abstirbcr  of  mdianpe  than  water,  the  temperature 
of  the  land  will  rise  diirtn^j;  iho  ihty  tinit*  inort'  mpidly  t!inn  will    that 
and  seas.     Also,  on  a  rU>ur  night  tho  mirface  of  the  Innd  will  cool  more 
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IliftD  the  Rurftii?e  of  a  lari^  IkkI^  of  water.     Largo  bodies  iif  w(ati.T  toiid  U»  keep 
(he  tpiniM'^mture  nf  ilur  mirn>iin(ling  rr^inn  mnrt'  iinifonii. 

238.  Transmission. — Of  the  radiant  oriergy  that  enters  a  body, 
all  timt  is  nol  uKstJibcnl  by  iM^'inp  traasformed  into  heat  is  trans- 
mitUtd  as  radiant  encrgj^  and  emerges  as  radiant  energj'.  The 
property  of  a  body  for  transmittinK  radiance  is  called  (Ualher- 
-j/;  the  abscnee  cif  this  property  is  etilled  alhermaiicy.  Tlie 
Tty  of  a  iKxly  for  tran.sniitling  radiance  capable  of  affecting 
the  e>"e  is  (billed  tranaixirency;  the  absence  of  this  praperty  is  called 
opacity. 

Gases  not  near  the  pt)irt  of  condensation  an'  highly  diather- 
manous.  Wlicn  the  atmosphere  contains  little  moisture,  a  theiv 
ninnjeter  exposed  to  llio  sun's  radiance  may  rise  as  high  as  30°  C, 
whereas  if  placed  in  the  shade  it  may  indicate  0°  C.  Tlie  cause  of 
this  difference  is  not  far  to  seek.  A  thermometer  indicates  its  own 
temjx^niture.  Tlii.s  will  l^e  the  temperature  of  the  surrounding 
Ixxiy  oidy  when  the  thermometer  is  sliielded  from  all  outside  ther- 
mal influences.  But  if  the  therniometer  l>e  placed  within  a  dia- 
thermanoutf  IkkIv  exposixl  to  radiance  (^mitted  by  a  \yody  at  a  higher 
tcmixrature  than  the  thennonieter,  the  thermometer  will  absorb 
radiant  euerg>*  and  rise  in  temix^raturc^  whereas  the  surrounding 
ciiathcrrnanous  lx>ly  will  not  absorb  any  energ>'  an<l  will  not  rise 
in  teuij>erature.  The  thennometer  will  rise  in  temfMM-ature  until 
it  emits  energy  at  the  same  rate  it  ab8orl)s  energy.  If  the  body 
beyond  the  diathermaTHHis  b<Kly  be  at  a  lower  temjx'rature  than 
the  thermometer,  the  thernKimeter  will  radiate  more  energy  than  it 
absorbs  from  the  colder  body,  and  so  it  will  drop  to  a  temperature 
below  tliat  of  the  surroimding  fhathemianouB  Ixxiy. 

Water  is  uthcrmunoas,  lliat  iy,  ubsorbs  ti  large  purtion  of  the  radiAnce  inci- 
dent upcjn  it.  Aloiat  uir  Is  warnit?r  than  dry  air  exiJoscd  to  the  sutne  sular 
radiation.  Frf>fltd  arc  Itwa  likely  to  occur  when  tl\e  air  is  moiat  than  when  dry 
for  two  reai«»tie:  the  rarth  lrws(«*  lrs8  energj'  by  radiation  when  covered  by 
moLHl  :ur,  and  hiail  w  libcratc^i  when  any  of  the.  moi.sturoof  the  air  frpczcs. 
(iurdt'n  phiUl«  iimy  U>  protected  from  a  light  fro«t  Ijy  a  liberal  Hprinkling  of 
water.  *>n  dry  rold  nights  smoke  eloiids  arc  frer(uently  priHluewi  over 
orchards  to  prevent  nulintii>n  from  the  eartli  luid  llie  consequent  lowering  of 
temperature. 

Glas  is  diaihcnuanous  to  the  \\*avcs  whieh  clTcct  virion,  but  is  ather- 
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manous  to  niany  of  tlu*  loiipL^r  win'os  which  constitute  the  greater  part  of 
solar  mdiuiKT.  Tlib;  fact  is  applied  in  the  "cold  frame"  used  to  protect 
plan  Lit  irxnu  frust.  The  ciild  frauie  conai^tH  of  a  bottoudess  box  with  a  fchue 
tup  and  resting  on  the  ground.  Most  of  the  solar  rndiunoc  transmitted  by  11h 
glass  Is  nljsorbed  by  the  ground  and  transformed  into  heat.  Thmmli  I 
warmtil  gniuud  radiates  energy,  this  encrgj'  is  of  Hueh  long  wave-lengths  thai 
very  little  Ls  IrauHmiited  by  the  glitss.  C<>ii«equeutly  the  tem|>eratujK! 
the  enriostire  is  higher  than  that  of  the  air  outside. 

In  regtimB  where  the  winter  atmosphere  is  very  cieur  and  not  too  cold, 
enough  energj*  may  ^>e  trapjied  by   this  "cold  frame  efTect"  to  heat  wattv       i 
within  bhick  pii>es  to  a  tem[>erature  suffieiently  high  fur  a  oomfortable  bath     ^B 

239.  Reflection. — Of  the  nulianec  incident  upon  a  l)ody,  that 
whi<'h  is  neither  ah3orl>etl  nor  transniittod  is  rofleetcd.  Polished 
metals  ai'e  our  best  reftcetors.  Silver  can  be  polished  so  timt  it 
will  reflect  97  \ier  ecnt.  of  the  total  radiance  incident  upon  it^| 
Lampblack  reflects  only  alxiut  2  per  cent,  of  the  incident  rmli-" 
ancc.  Radiance,  Aasible  or  invisible,  ol>eys  the  same  laws  with 
respect  to  the  equality  of  the  angles  of  reflection  and  incidence 
that  a]>ply  to  otJier  forms  of  wave  motion  (Art.  158).  ^m 

The  fac'tfl  that  vneuum  is  our  most  efTeetivc  non-conductor  of  heat,  oni^l 
)>t)lii<heii  .siiveT  w  our  K-^t  reflcttor  ttf  radianee,  are  utilized  in  designing  the 
finlinary  "thennos  Ixittle."  This  consists  of  a  do  id  )le- walled  bottle  with  ihe^ 
Bpiiee  between  the  walls  exiiaiifited  of  air,  and  the  outer  side  of  tl»e  inner  botti^H 
and  the  inner  side  of  the  outer  bottle  eonted  with  a  thin  layer  of  polishefS  silver !^^ 
A  liquid  within  Kuch  a  txiltle  will  oluuige  iti  lem)>erature  ver>'  slowly  even 
though  the  temperature  outside  i»  vcr>'  different  from  the  temperature  of  t] 
li(|uid. 

240.  Kirchhoff's   Black-body   or   Perfect   Radiator. — Thougl 

no  known  substance  fultill-s  the  definition  of  jx^rfect  radiator, 
KirchholT  hrjs  ;^hown  that  bluck-l>i>dy  radiation  can  ho  exi^eri- 
incDtally  realized.  Imagine  an  ideal  black-bo<ly  within  a  uni- 
fonnly  lu*ated  alheriiianous  enclosure  and  Ju  thennal  t*quilibrium 
with  it.  lirinj;  in  thermal  etjuilibiium  with  its  surroundings,  it 
radiates  to  the  walls  of  the  enclosure  the  same  amount  of  energy^l 
it  receives  from  I  hem.  That  is,  ever>'  element  of  area  of  a  uni- 
formly heated  enclot^ure  radiates  as  the  blat'k-txKly.  If  a  small, 
aperture  be  made  into  the  enclosure,  the  aperture  \^t1I  ejiiit 
diance  a*^  from  a  black-lMKly.  A  blark-bfHiy  is  experiraeutalli 
realized  in  variotts  forma  of  electrically  heated  furnaces. 
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241.  Temperature  of,  and  Energy  emitted  by,  a  Black-body.— 
lite  nuiiiincc  emitted  by  any  lj<jily  coiiskts  of  wuv(«  of  different 
leng:th.s  which  uiay  b<'  disi>crscHl  by  a  rock  salt,  prijyn  and  their 
energy  determined  by  means  of  a  sensitive  ihennomotor.  Im:\g- 
ine  a  radiating  body  to  be  placed  in  front  of  the  sht  of  a  sjkm;- 
troecope  provided  with  rock  salt  prism  and  kmscs.  By  rei)hu'- 
ing  the  eye-piece  by  a  sensilivL*  (lienhoniet*.'r  the  radiance  of 
different  wave-lengths  can  be  measured.  Cur\'es  indicating  the 
dIfTerent  amounts  of  energj'  associated  with  waves  of  different 
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lengths  emitted  by  a  perfect  radiator  at  various  lom|>cratures  are 
given  in  Fig.  228.  In  this  figure  wave-lengths  arc  plotted  as  ab- 
scissas and  are  expressed  in  thousandths  of  millimeter's.  A 
thousandth  of  a  millimeter  is  calk'd  a  viicron  and  is  represented  by 
the  symbol  p^  Energj'  is  plotted  on  the  axis  of  ordiiiates  accord- 
ing to  an  arbitrary  scale  that  need  not  here  be  explained. 

The  tot^I  energ,v  emitted  by  a  black-body  at  any  given  tem- 
perature is  proportional  to  the  area  between  the  corresponding 
energy  curve  and  the  axis  of  abscissas,  I'lg.  228.    The  part  of  the 
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energj"  carried  by  waves  of  lengths  betwc*eti  given  limits  is  proix)r- 
tional  1(»  111*'  an^H  Iwnimln]  hy  Drdiuntos  drawn  fi-oni  iho  nssi] 
wavc-lciiglhs.     For  instunof,  the  t'iit'rg>'  of  wavt^s  of  kMigth-s  ox- 
tending   from   1  ti  to  2  fi  ^mitied   by   the  given    blaek    twnly   nt 
1000°  C\  is  represented  by  the  ai-ea  ECXZ:  nl  1200**  C.  it  is  repre-^ 
stMiied  by  EfiWZ;  at  14(M)°  C  it  is  n>i>n^nte(l  by  EAVZ.  V 

When  the  temperature  of  a  body  is  raiseti,  there  is  a  greater 
increase  in  the  eiierpy  earric»d  by  the*  shorter  wa\*(*s  than  in  the 
energ\-  carricxi  by  the  longer  waves.  In  Fig.  22S  it  will  be  observed 
that  when  the  temix^rature  of  a  lx>dy  Ls  raised  the  wave-length 
whieh  corresponds  to  the  highest  point  of  the  enei'g)'  curve  is 
displaced  toward  the  sliorter  wave-lcugliut.  KxfH'rinient  indicates 
that  through  wide  temperature  ranges  the  wave-length  for  whicbfl 
the  energy-  tmntted  by  a  bluck-body  is  maximum,  varies  inverPol\^^ 
with  the  absolute  tenipeiature  of  the  body.  This  is  CiUIed  "  Wien's 
Di8ijla<'<'inent   I^uv." 

242.  The  Black-body  Temperature  Scale.^Any  IkxIv  at  a 
temjKTalui"*'  above  the  aljsoliitt^  zero  radiates  energj*  at  a  rate 
which  depentls  ujkwi  the  lern|K?ratui'e  of  the  Ix^dy  and  ujwn  the 
nature  of  the  surface.  If  the  nature  of  the  surface  Ik?  constant, 
the  temperature  of  bodies  can  be  coinpare<l  in  teruis  of  their  radi- 
ance. When  at  the  same  ten»i>crature,  all  l>lack-bodies  nwiiate  at 
the  same  rate.  It  follows  that  the  tx^nijx^mture  of  black-bodies 
can  be  compared  bj'  means  of  their  radiance. 

It  was  found   by  Stefan  and   Roltzman   that  the  rate  with 
which  energy'  due  to  thermal  causes  is  radiatetl  by  a  blaek-lMMly 
is  profMjrtioual  to  the  fourth  fxiwer  of  the  aiis<ilute  lemiwialure. 
This  is  the  basis  of  an  important  temperature  scale.     Acconlitbffi^ 
to  the  Blach-ixHly  TemjyeraUtre  Scale,  when  the  energy  rafHateri  front^ 
two  surfaces  is  thie  to  purtly  thermal  causca,  the  ratio  betwein  the 
absolute  temperatures  of  those  surfaces  equals  the  fourth  root  of  thtl^t 
ratio  bctiveen  the  rates  of  rnrhation  of  the  surfaces  ywr  um't  of  area.^^ 

Two  lifKlies  will  Ifc  at  the  same  black-bo<ly  temjuz-rature  when 
the  i"alc  of  their  Ihermal  ra^liation  |)er  unit  surface  is  the  same. 
It  will  l>e  rccalk'*!  that  two  bodies  are  at  the  same  ideal  gas  tem- 
perature if,  when  placed  in  contact,  they  arc  in  thermal  equilili- 
rium. 
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A  piocc  of  retort  «irl>on  ahsorhs  alinosl  all  of  the  radiance  of 
wimtevor  frequency,  inciflent  upi)ii  it.  C'onsoqiicritly  retort  ear- 
kin  is  nearly  black.  A  piece  of  polished  platinum  ahsorl^  jiar- 
lially.  I)ut  to  pmctirally  the  same  extent,  nLdianceikf  all  frequencies. 
Constxiuontly  |K>lishe<i  platinum  is  gray.  A  lump  <ff  pold  ab- 
sorl^  nearly  all  the  radiance  incident  U|)on  it  with  the  exception 
of  the  waves  that  produce  the  visvial  sensation  we  call  yellow,  l^ia 
selective  absorption  of  gold  is  described  by  the  statement  that  gold 
ia  yellow.  If  pieces  of  retort  carbon,  jK>lished  platinum  and  gold 
Ix?  placed  ttigether  wilhin  a  unifonnly  heat*yl  enclosure  until  (hey 
are  in  thermal  equilil>riuin  and  be  then  withdrawn,  it  will  be 
found  that  tlie  carbon  will  radiate  at  a  f^reat^r  rate  than  the  plat- 
inum or  pold.  That  is,  aUhoujth  all  three  l>odies  ai*e  at  the  same 
tempiMiiture  according  to  the  ideal  gas  scale,  they  are  at  different 
black-body  temperatures. 

In  the  case  of  a  blaek-bod%'  the  same  number  that  exprcsse-s 
its  ideal  gas  temperatiin-  is  us<'d  to  express  its  black-body  tem- 
perature. But  since  a  nonblack-body  at  a  given  ificid  gas  tempera- 
ture radiates  less  than  a  black-lxjdy  at  the  sanie  ideal  gas  temper- 
ature, the  numlier  which  expresses  the  bhick-body  temjxTaturc 
of  a  nonl>lack-l>ody  is  less  than  tlie  number  which  expresses  its 
ideal  ga«  tem|M*rature. 

Blaek-l)ody  temperatures  can  be  <letennined  from  either  the 
int-c^nsity  of  the  mdiance  of  all  wave-leng(hs  emitted  by  Ihir  boily, 
or  the  intensity  of  the  radiance  of  a*  single  wave-length  cmittwl 
by  tlie  IxKiy.  The  radiani;e  of  a  particular  wave-length  can  hv 
obtained  by  Isolating  one  part  of  the  siK'ctrum  of  the  body  and 
measimng  its  luminous  iidensily.  The  method  of  determining 
black-lKxiy  tempt^ratures  from  totiU  radiance  is  called  radiation 
pynunetr>'  and  (he  method  of  determining  black-body  (emix'ra- 
turffi  from  radiance  of  a  single  wave-length  is  called  optical 
f)yrf)m(*lr>'.  Tliese  metliods  are  of  imfKtrtance  when  the  body  is 
eitlier  inaccessible  or  at  such  a  high  temperature  as  to  destroy  a 
thermometric  device  placed  in  contact  with  it. 

One  instrument  for  tjpt<?rminmg  bl.iok-body  tern perat urea  by  means  of  the 
rariiiincc  emitted  by  the  body  ip  the  F(^o'  f^pirul  Pyrometer,  Fig.  229.  This 
tuBtrumcat  coiwista  of  u  concave  niirror  which  refleota  tlie  incident  radiance  on 
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a  Rmull  blackened  spiral.  Fig.  230.  whiclk  will  coil  or  uncoil  an  the  temperat4iTe 
of  the  Rpiral  is  inrnyuse<l  or  <lccr^a-sc<l  Tliis  sensitive  spiral  consists  of  a  double 
ribbon  of  two  metuLs  of  UUTercnl  thermal  expansion  coefficients.  The  two 
ribbons  being  faatencd  together  throughout  their  length,  an  increase  in  tern* 
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perature,  by  causinK  the  outer  ribbon  to  expand  more  than  the  other,  will 
result  in  the  spiral  roiling  up  more  closely.  The  Hcu.le  of  the  instrument  is 
empirically  gruduuted  to  uidtcate  black-body  temperatures. 

243.  Relation  between  Light  and  Radiant  Energy. — R^iant 
encr^'  produn^s  in lerf tinmen  cfTrcts.  Coiisc'qufMith'  it.  is  pro- 
pagated by  waves.  It  can  l)e  polarized.  Consequently  these 
waves  tire,  transverse'.  Thr  iniMJiiini  by  which  it  is  propagated  is 
the  ether.  Radiant  energj'  of  wiive-loiigtlis  Ix-tween  aljout  0.tX)00;i3 
em.  iirnl  (HHHKJSl  cm.  (0.33m  and  ().8l/i)  ia  capable  of  exeiting 
ihe  seitsution  ftf  sip;ht.  Copsef|iiently  light  is  that  radiant  energj' 
having  waves  of  length.s  belw<H^n  tbos<!  liniit.s. 

If  a  black-ljotly  be  raised  in  temperatui-e  it  will  be  found  that 
1m»U)W  400°  C.  all  the  eneriBj>'  emitted  is  in  waves  longer  Ihnn  those 
which  afTeet  the  eye.  At  a!x)ut  4(K)''  ( '.  waves  of  length  ai>out  0.81^ 
are  emitted  along  with  the  longer  ones  previoufily  emitted,  and  the 
botly  appejirs  dull  red.  As  Ihe  tein|>erature  is  increased  shorter 
waves  an;  added  to  those  pn^viously  einilted  and  the  body  ehariges 
in  color  from  red  to  yellow,  and  finally  white.  When  white,  thcH 
Ixwly  is  einiftinj;  waves  of  all  lengtlis  fnmi  the  long  ones  below 
the  roi!  that  do  not  jilTeet  llie  eye  to  the  very  short  ones  l>eyond 
the  blue  that  do  not  affeet  the  eye.  The  wavea  longer  than  0.8 1^ 
are  called  infra  red  waves  and  those  shorter  than  0.33m  are  called 
uUm  violet  waves. 


RADIATION 


30*J 


Tlic  ratio  of  the  energy  of  the  visible  portion  of  (he  radiance 
U>  the  total  enerto*  emitted,  is  called  the  luTfihious  rfficirncy  of  the 
body  at  the  given  temperature.  In  Fig.  228  the  ratio  of  the  shaded 
area  to  the  entire  area  ineludcni  between  the  1400°  curve  and  the 
axis  of  abseissa-s  is  the  luminous  efficiency  of  the  given  IxkI^-  at 
1400°  C.  The  curves  in  the  figure  whow  the  great  increase  in  lumi- 
nous efficiency  produced  by  increasing  the  temperature  of  the 
source. 

The  luminous  efficiency  of  all  artificial  illiinuiiants  is  ver>' 
amall.  The  luminous  efficiency  of  arc  lamps  is  jibout  H)  [mm*  cent., 
of  carbon  filament  incandescent  l:uiif)s  fmtn  H  1o  5  jx?r  cent.,  and 
of  gas  flamc8  from  2  to  S  |)er  ceiil.  In  all  thesis  cjises  the  lumi- 
nous body  is  carlx>n.  The  difference  in  the  luminous  efficiency  is 
due  to  the  diffen»nt  t-iMniwratures  (»f  the  emitting  bodii's. 
I  It  is  interesting  to  note  that  the  fire-fly  and  the  glow-worm 

I     have  a  luminrnis  efficiency  of  nutre  (hiin  01)  per  cent,  and  that  this 
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1.  (n)  The  skin  w  pooIihI  rrnirh  more  mpiilly  when  placerl  in  cold  wntcr 
thjin  when  placed  in  air  of  the  same  Unnperutiirp.  Why?  (6)  Mon  iinvu 
mYutine<l  for  some  time  in  riMitns  where  the  lomix^mture  w:iJ*as  hiRh  an  i*Jf»'*C. 
without  the  t«mperatur<'!  of  their  bodies  rising  murli  iiUvvc  the  normal.  37". 
Horw  was  the  temperature  kept  down?  (r)  A  pieee  rjf  iron  at  y  feels  eoider 
than  a  piece  of  cloth  at  5°.  Why?  id)  A  piece  of  iroii  at  40**  feels  warmer 
Ihan  a  piece  of  cloth  at  40".     Why? 

2.  Deanibe  how  you  would  eonstruet  a  vvsticl  whii-h  will  ret^iin  its  con- 
Unii»  ttA  nearly  as  fxMu«ible  at  a  definite  temperature  when  the  surroundings  are 
at  variable  tem]>eruture. 

3.  In  (xjld  weather  we  keep  ourselven  warm  by  a  woolen  blanket.  In  sum- 
mer we  may  to  .some  extent  keep  a  piece  of  ice  from  mcltiug  by  wrapping  it  in 
the  flame  blanket.     Kx|)lain. 

4.  WTiy  will  a  moi.stened  finnpr  freeze  instantly  to  a  piece  of  metal  on  a  cold 
day,  but  not  to  n  pieec  of  wood? 

6.  Many  advertl'^rniejit^  and  n^ferencti*  are  swn  t<whiy  «if  Ihe  firelesa 
rookent  Kxplain  what  device  is  used  and  stjite  the  priiiri[)Ie  which  is  applied 
in  its  constniction  and  uho. 

6.  A  thermometer  plaeed  in  contact  with  the  different  objecta  in  a  nwm 
nhonit  no  variulitm  in  temperature,  although  some  of  the  obje<!t.s  feel  colder 
(hnn  uthens  to  the  hand.     Explain. 
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7.  Explain  clearly  why  a  tall  chimney  gives  a  better  draft  than  a  ahoit 
one.  What  connection  is  there  between  Archimedes'  principle  and  the  answer 
to  this  question? 

8.  A  thermometer  placed  in  the  smishine  on  a  snow-clad  momitain  in 
summer  will  indicate  a  higher  temperature  than  when  placed  in  the  valk}-. 
Why  does  not  the  snow  on  the  mountain  melt  when  in  the  shade? 

9.  If  a  black  body  absorbs  more  radiance  than  a  white  body  and  both  »re 
placed  on  non-conducting  insulated  stands  in  a  vacuum  and  are  exposed  to 
the  same  radiance,  will  the  black  body  become  hotter  than  the  white?  Give 
reason  for  your  answer. 

10.  If  a  cake  in  a  metal  pan  be  baked  in  a  hot  oven,  the  center  of  the  top 
will  rise  much  higher  than  the  edges.  But  if  the  pan  be  lined  with  thick  paper, 
this  bump  will  be  less.    Explain. 


CHAFI^Ell  XVI 

THERMODYNAMICS 

244.  First  Law  of  Thennodynamics, — That  branch  of  the 
theory  of  heat  wliirh  treats  of  Uie  rehiti<nis  betwercn  heat  anti  me- 
chanical work  is  rallpfl  fhermodynnfiiicfi.  The  experiments  of 
Runifoni,  !)av>*,  and  .loulo  prove,  {a)  that  heat  is  an  a^ix'et  of 
encrg>',  {b)  that  energy  in  the  nieehanie^al  fonn  can  \ye  transfomied 
LI  into  energj*  in  the  theniial  form,  (c)  that  ener^  in  the  ther- 
jfcrAal  fonn  ean  U»  transfornted  into  enerii}'  in  the  merhaniral  form. 
W  fmin  these  fa<'ts,  togellier  witli  the  prineij)le  of  the  (conservation 
■  of  energ>' — "in  any  self-eontained  system  of  bodies  the  quantity 
of  energ>'  renuiins  (const ant  rlurinp  any  reaetion  or  transformation 
between  its  part*'' — it  follows  tliat  ivhen  thermal  energy  is  trans- 
formed into  mrthanicM  etiergy,  or  when  mechanicnl  eiun-gy  is  Irans- 
fomie/I  into  thermal  energy,  the  mnounl  of  thermal  energy  eqvah  the 
amount  of  mechanical  energy.  This  corolhir^-  of  the  prineiple  of  the 
consen'ation  of  enei-gy  is  ealletl  the  first  Law  of  Therniodynamies. 
It  may  also  l>e  expressccd  iti  the  form:  u)hni  work  is  (rmis- 
fomied  into  heat,  or  heat  into  work,  the  (fuantity  of  work  is  mechan^ 
ically  cqttitHilenl  to  the  (piantily  of  heal. 

If  //  represent  the  amount  of  heat  trnnsfonned  into  nu*chanieal 
work,  and  W  the  quantity  of  work  thereby  pnKhiird,  the  first 
law  of  thenno<lynami(^  can  be  expressed  in  the  form 

n=\\'. 

In  tliis  expression  heat  iiiu\  w<»rk  rniisl  U*  measured  in  the  same 
unit — for  instanee,  both  must  be  nieasuretl  in  erj^s,  in  calories,  in 
foot-pounds,  in  British  thermal  iinit>i,  ete.  If  b<ith  forms  of  energ>' 
are  not  measiire<I  in  the  same  unit,  the  above  equation  must  be 
put  into  the  form 
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in  whirh  J  repi-esents  the  imml>er  of  iinit^  of  meclianical  cnei 
in  the  unit  of  thfrnial  cnorg^'.     The  numher  of  work  units  in  one 
heat  unit  is  fulled  the  mechaniad  rquivnlent  of  he/it. 

The   ifsults   of   careful   dcterniiniitions   ljy    many    observers 
using  quite  different  methods  of  experiment  show  that  the  vali 
of  the  mechanical  equivalent  <ti  heat  is  very  nearly 


J  =  4.19  (10^)  orgs  per  calorie. 

To  maintain  the  vital  processes  of  an  aiiimal,  food  having  a  certain  heat 
value  l**  n'<jiiirt"d.  Tlviw  subject  hau  beeu  studied  by  means  of  men  pcrfomiing 
various  tiisk«  while  livitiR  for  several  duy3  at  a  time  ^vithin  a  calorimeter  con- 
sisting of  a  isiiiall  jaokclcd  room.  The  heat  vainc  was  deiennined  of  tJie  air, 
food  and  dnak  supplied  as  well  as  that  of  the  waste  products,  The  n»an  was 
we-ighed  on  entfrine  -ttHJ  or»  leaving  the  nLlorimelfr.  The  hent  given  to  the 
calorimeter  whilv  tin-  man  wuk  performing  various  tnsk^  was  measurwl. 
From  Hueh  data  oliliiiiK^d  fnun  several  mm  dnrinfi;  a  long  series  of  experiments 
it  has  been  condudi^tl  t  hut  the  uunilKT  of  calorics  retiuired  for  a  man,  per  pound 
of  weight,  per  hour,  iicuirding  U^  diH'canit  kinds  of  phj-sical  acti^'ity  is  about 
as  follows— sieepifiKr  ■'HX);  .sifting  quietly,  (500;  standing,  760;  light  exercise, 
11X10;  nuuk'nile  exercise,  1250-15(X);  active  exercise  1750-2000;  serere exercise, 
3000  or  mort*.     Mental  effort  als*j  rtMpiircs  n  Kiipply  of  cnei^. 


245.  Second  Law  of  Thermodynamics. — Tt  is  n  matter 
comnion  ol.i.servation  that  lieat  can  l)e  transferred  from  a  body 
at  any  teni])eruture  to  a  body  at  a  lower  teini>erature.  Such  d 
transfer  can  l>e  cfFecled  Liy  conduction,  convection,  or  radiation? 

Under  certain  conditioius  heat  c^n  also  be  transfen*ed  from 
one  body  to  another  at  a  higher  temperature.     For  example, 


J 


-3 


Fju.   23i 


Bider  two  cyHnders  A  and  B  providc<l  with  air-tight  frictionless 
pistons  connected  as  shown  in  Fi^.  23].  Imagine  tliat  the  pistons 
and  the  walLs  of  the  eylindcj^s  an;'  impervious  to  heat.  In  -4  is  a 
mass  of  gas  at  high  pressure  and  low  tcniix»ratiire,  and  in  B  is  & 
n»ass  of  gas  at  low  presstire  and  hi^h  ttMn]>eratiire.  If  the  double 
piston  be  allowed  to  move,  the  gas  in  A  will  expand  while  that  ia 
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B  will  be  compressed.  During  this  operation  work  was  clono  by 
the  gas  in  A,  and  work  was  done  on  the  gas  in  B,  The  lf»88  of 
enerK>'  suffered  by  the  gas  in  -4  mamfestw  itself  t>y  a  fall  in  Icniper- 
ature  and  tJie  gain  of  energy'  by  the  gas  in  B  \)y  a  rise  in  tempera- 
ture. C'onHe<iuently,  the  gas  in  .4  has  lost  heat,  and  the  gas  in  H 
has  gained  heat.  It  thus  appears  tliat  heat  has  l>een  transferred 
from  <»ne  body  to  another  at  a  higher  tempemture. 

It  is  to  be  noteii  that  not  only  the  loinixTiLture,  bnl  also  the 
potential  energj'  of  A,  is  less  after  tlxe  expuuaion  tliau  bt'fore  Th(! 
operation  above  deacril>ed  is  an  illustration  of  the  law  wiless 
energy  is  supplied  from  Home  onUide  souir/\  no  mcckdnis^m  can 
oorwcy  heat  from  one  body  Ia)  aiuUher  at  a  higher  temperature  and  be 
in  the  name  condition  after  the  tranter  as  before. 

As  the  operation  alxive  descrilx-d  cannot  be  repeated  iniless 
L  energy  is  suppUed  to  A  from  some  outside  souree,  tliis  law  is  alst) 
■  expressed  in  the  form,  it  is  imposiribk  for  a  self-acting  machine, 
unaided  by  exlemal  agency f  to  amvey  heal  CJnUintumshj  from  a 
boriy  at  one  teniperaiurf  to  anotha-  body  at  a  higher  temperature. 

The  fact  enuneiated  in  these  two  fonns  is  called  the  Second 
Law  of  Thermodynamics. 

If  the  attempt  be  made  to  transfer  heat  from  one  body  to  an- 
other at  a  higher  t^mi>erature  by  means  of  any  mechanism,  it 
must  lie  L4early  undei"Ht<MKl  that  theseroiul  law  of  Ihci'iiuMlynamicH 
applies  oidy  if  the  internal  enorg>'  of  the  i^ncrlianLsin  at  (he  end  of 
the  operation  is  the  same  as  it  was  before  the  operation.  In  other 
words,  the  mechanism  must  not  supply  energy — it  must  only  trans- 

tfer  enei*g\'. 
246.  The  Indicator  Diagram. — Imagine  a  gas  inclased  in  a 
eylinder  by  a  piston  of  area  .4.  8u]>ixjs<j  that  tlue  (o  Iht*  prt*Ksure 
of  the  gas  the  piston  is  pushed  forward  lhr<iugh  a  distance  x,  thus 
i  increasing  the  volume  of  the  gas  by  an  amount  AV,  If  during  tliis 
expansion  tlic  pressure  of  the  gas  has  changed  unifonnly  from  an 
tnitiid  value  Pi  to  a  final  value  P^t  the  average  pivssure  during  ihe 
expansion  is  \  (Pi+Pa).  Since  the  total  force  acting  on  the  pis- 
ton due  to  the  ex{)anding  gas  is  F=^2(^i-{'P-2)Ay  the  work  done 
by  the  gas  is 

W{^Fx)^i(Pi-hP2)Ax^i{Pi+Pii)^V.     .      .     (145) 
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It  will  DOW  be  shown  that  since  the  magnitude  of  the  woric 
done  equals  the  product  of  the  mean  pressure  and  the  change  of 
volume  of  the  gas,  and  since  the  magnitude  of  an  area  equals  the 
product  of  two  distances,  it  follows  that  if  the  pressures  and  vol- 
umes of  a  gas  at  successive  instants  are  plotted  on  coordinate 
axes,  the  work  done  by  the  gas  is  represented  by  an  area  on  the 
diagram  thus  formed.    In  Fig.  232  let  the  pressure  of  the  gas  at 

succes^ve  instants  be  plotted 
along  the  axis  of  ordinates,  and 
the  corresponding  volumes  be 
plotted  along  the  axis  of  abscis- 
sas. For  example,  if  at  a  given 
instant  the  pressure  and  volume 
are  Pi  and  Fi,  the  condition 
of  the  gas  with  respect  to  pres- 
sure and  volume  is  completdy 
represented  by  the  position  of 
the  point  A  on  the  diagram. 
If  at  a  later  instant  the  pres- 
sure and  volume  are  P2  and  Vz^ 
then  the  condition  of  the  gas  with  respect  to  pressure  and 
volume  is  represented  by  the  position  of  the  point  B.  If  during 
this  interval  of  time  the  pn^ssurt*  ('hanged  at  a  uniform  rate,  the 
condition  of  the  gas  at  tlic  various  iiustants  during  this  interval  is 
repres«mted  by  the  straight  line  AB.  If  the  gas  does  not  expand 
unifonnly,  the  line  which  shows  th(»  relation  lx*twcen  the  pressure 
and  the  volume  at  successive  instants  of  time  is  not  straight.  The 
line  BC  represents  an  ununiform  expansion.  A  line  which  shows 
the  relation  between  the  pressure  and  the  volume  of  a  gas  at  suc- 
cessive instants  of  time  is  call(»d  an  imUcator  diagram. 

In  Fig.  232,  the  area  of  the  tra|)ezoid  ABEF  represents 
i(Pi  +  P2)AF.  Consequently  the  work  done  by  the  gas  in 
expanding  uniformly  from  the  volume  V\  to  the  volume  V2  is 
represented  by  the  area  ABEF. 

During  the  interval  while  the  gas  changes  its  volume  from  the 
value  V2  to  the  value  Ts  the  pre.ssure  dot»s  not  change  uniformly. 
But  by  dividing  this  interval  into  portions  sufficiently  narrow,  the 
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ipc  of  pressure  during  one  of  those  small  changes  of  volume 
ty  be  made  its  nearly  uniform  as  wv  desire.     Thus  by  dividing 

area  BCDE  into  strips  MufKricnlly  narrow,  earh  stni>  will  \)e 
a  trapezoid  and  its  area  will  represent  th(*  work  done  diinng  the 
corrpsponding  change  of  vohuiie.  An<J  .«inctr  the  totjil  work  dont* 
w^uals  the  sum  of  the  amounts  of  work  done  dunng  all  the,se  smull 
cbaiigpfi  of  volume,  it  follows  that  the  total  work  done  while  the 
gas  expands  from  ¥•>  to  V^  is  j-eprescnted  Viy  the  area  BCDE. 

It  has  now  Ix^n  shown  that  if  a  gus  rxiiands  either  uniformly 
or  untiniformly  from  soino  volume  Vi  to  some  voliune  V^,  and  if 
the  pnvssures  and  volumL's  of  the  gas  at  suci'eiissive  instants  Ik; 
plotted  on  an  indicator  diagram,  AB,  then  work  is  done  by  the  gas 
of  a  magnitude  represented  by  the  area  ABKh\ 

(}n  tlie  other  hand,  if  the  gas  is  compressed  from  a  volume 
F2  to  a  volume  V'l,  work  Ls  done  on  the  gas  of  a  uiugnitudc  repre- 
K*iitf<i  by  an  area  ronstnictcd  as  above  deserilfed. 

247.  Isothermal  Processes. — Any  ehangt*  of  the  rondition 
"jf  a  IxKly  by  wliieh  the  temperature  i-emains  constant  is  called  an 
isothermal  yyrow.s.s.  An  iiuiieator 
diagram  of  an  isothermal  process 
18  called  an  isoiherpuil  hue. 

In  the  cose  of  a  perfect  gas 

PV^RniT. 
If  the  t4?.niiwrature  is  ponstantf 
PV^i-onsl. 


yulumes 
Fia,  233. 


Sinee  this  is  the  eqiintion  of 
an  w|uilaleraJ  hyi>otbola,  it  is  seen 
that  iflothennal  curves  of  a  per- 
fect gas  are  e(|uilateral  hyix;r- 
bolas.  A  numl)er  of  isothermal 
curves  for  a  perfect  gas  at  various 
fixed   tempeiiitures  is  shown  in  Fig.   233. 

If  a  substance  expands  it  does  extcnml  work  and  loses  an 
equivalent  amount  of  thermal  energy.  If  its  temperature  re- 
iuaiiiB  constant,  thermal  energy  must  be  supplied  from  outside. 
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Conversely,  if  a  substance  is  compressed  isothennally  thermal  ei>- 
er©'  must  bt;  emitted  by  the  body. 

248.  Adiabatic  Processes. — Any  change  of  the  condition  of 
u  iHKJy  Ijy  wlueh  no  heat  eiilcre  or  leaves  tiie  body  is  called  an 
ddiuhaiic  process.  A  line  expressing  the  relation  between  the 
pressures  and  volumes  of  a  l>ody  undergoing  any  chan^^e  during 
which  no  heat  is  either  gained  or  lost  is  called  an  adijjhcUic  lint. 
An  adiabatic  line  is  an  indicator  diagram  of  an  adiabatic  process. 

If  a  substance  expands  against  an  opF)osing  force,  without 
hrait  being  supplied  from  outside,  its  temperature  will  fall.  If  the 
temperature  of  a  body  falls,  the  pressure  corresponding  to  any  given 
volume  will  be  less  than  if  the  tem[)ci-atui*e  did  not  fall.  Tliere- 
Forc  tlie  adiabalir  line  is  sl<?eper  Ihari  the  isothermal  Une.  In 
Fig.  234  the  lines  BC  and  AD  are  isothcrmals  of  a  perfect  gas,  and 
the  lines  BA  and  CD  are  adinliatics  of  a  perfect  gas. 

If  a  substance  expands  adiabatically  its  temperature  will  faU. 
If  a  substance  is  compressed  adiabatically,  energy  is  put  into  it, 
and  the  temperature  will  rise.  H 

If  one  Ruddenly  rarefira  a  moan  of  wat^r  vapor  contftined  in  a  clean  flftsk, 
by  lUGana  of  the  moiitti  for  instancCf  &  faint  fog  wiU  be  obsen'ed  to  fill  the  Rusk. 
Uere  the  exhaustion  otcunt'd  sa  quickly  that  the  expansion  of  the  vapor  was 
adiabatic.  A  Riiffi<'ient  lowering  of  tempcmture  was  thereby  pro<l«ced  to 
cause  the  vaix;r  t<(  ootidenae.  Precipitation  of  moisture  in  the  form  of  rain  is 
usually  duo  to  the  cooling  of  moiHt  air  produced  by  a  local  adiabatic  expansion 
of  the  utinoKphere. 

When  3team  escapes  rapidly  from  a  boiler  three  distinct  diviaions  of  the 
jet  arc  often  observed.  At  the  nozzle  is  a  clear  space  occupied  by  a  column 
of  invisible  vapor  at  a  tenjiK'raturc  above  the  condensation  point.  This 
merKes  into  a  cloud  of  minute  water  particles  produced  by  the  adiabatic  expeit* 
sion  t)f  the  vaf»or  unci  the  consequent  cooling  to  the  condensation  point.  Be- 
yond thiH  zone  ihcru  will  usmdiy  Ih'  obsen*ed  a  second  clear  space  where  the 
kinetic  enerj^y  of  the  iuuvin|>!;  i«trticlea  has  been  absorbed  by  friction  throu^ 
the  air  and  heat  thereby  developed  in  sufficient  amount  to  revaporixe  the 
oondenwd  particles.  The  lenipeniture  of  the  visible  cloud  is  about  100®  C. 
The  temperatures  of  the  clear  spaces  are  higher.  Although  the  middle  rcgiuD 
is  oooler  than  the  olhens,  one  is  more  liable  to  be  scalded  in  ttiia  region  than 
in  the  i^lhers.  The  reason  is  that  in  this  region  water  will  cuadense  on  the 
hand  and  in  so  doing  will  give  oiil  the  heat  duo  to  condensation:  wheraas, 
in  the  other  regions  the  tcmiKTiture  is  too  liigli  for  the  vapor  to  condense  and 
tho  only  heat  given  to  the  skin  is  that  due  to  the  fall  in  temperature  of 
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lU  masA  of  vapor  in  TOtitarl  vf'xih  tlie  skin.     Since  this  mass  is  small,  and  the 

■rmul  I'.npacity  of  water  vu|iur  w  not  Krcal,  tin-  heat  inipurl^i  to  ihe  tik-iii 

[will  not  Ik'  suffioiL'iil  lu  pru(iu(u>  a  scold.     NMlumlly,  if  tl«'  band  Ls  held  iUoro 

tar  a  conaidtiralile  length  of  tifnc,  Iheii  tlie  iims^  of  vup<jr  moviu($  past  the  tikiii 

wOl  not  be  rsmaW  lUid  a  ■*v&ld  will  be  produced 

H  249.  Reversible  Cycles.— If  a  piece  of  ioe  at  0°  C.  be  eoinpi-essod, 
Han  aitioiiiit  of  work  W  will  l^o  done  on  the  ice,  the  ficcxing  point 
Pwill  be  loworcri  (Alt.  208),  and  the  ice  wtII  liquefy.  If  the  pressure 
be  now  removed  thereby  aUnwinR  the  undcrcooled  liquid  to  ex- 
[pand,  an  anjount  of  work  W  will  l>e  done  by  the  expandinji  sub- 
it^nex'  and  ice  will  Ix;  ix*formed  at  0°  C  The  substance  is  attain  in 
[the  initial  condition.  The  above  eerier  of  operations  could  start 
with  Ihe  sul)st.ancc  in  any  one  of  the  sjx^cified  conditions  and  could 
[proc<M?d  in  either  direction. 

A  seritiH  of  openitions  by  which  a  sulwtance  after  passing 
through  various  conditions  is  brought  to  the  initial  condition  is 
Tailed  a  ajcU.     A  cycle  of  o|icrations  that  can  be  traversi^d  in  both 
eclions  is  said  to  be  reversible. 

Ah  another  e-xaniplo  of  a  reversible  cycle  consider  the  following 

iperations  on  a  saturatcfl  vapor.     Supix>se  a  quantity  of  heat  // 

Im!  supphed  to  a  liquid  at  the  lK>ihng  point   cont^uned  in  a 

ryUnder  liaving  a  conducting  end,  non-conducting  sides  and  a 

kou-condui'ting    frictionless    pi.ston.     If    a    quivntity    of   heiit    H 

•nter  the  liquid  through  the  conducting  entl  ttf  the  cylinder,  a  mass 

n  i>f  vnp*ir  will  Iw  fomied.     I^et  the  va|x»r  lx>  maintained  vuider 

>nHtant   prnasure,   and   therefore  at  con.'^tant   tempcrtiture.     In 

KXptitKliitg,  the  vapor  will  do  an  amount  of  work  W.     If  now  the 

icnl  fiourcr  be  removed,  I  he  prc^ure  of  the  piston  will  prfxluce  a 

laluiiiuUon  of  volume  and  a  consequent   condensation  of  the 

fmpar  (Art.  216).     When  the  constant  pressure  has  done  work 

m  tho  vapor  e<jual  to  II'.  the  mass  m  of  vajx^r  will  l»e  contlcii.sod 

a  quantity  of  heat  //  will  tuive  escaped  througli  the  conducting 

td  of  the  cylinder.    The  substatice  is  now  in  the  initial  condition. 

lu  estimating  the  amount  of  work  done  during  a   cycle,  no 

5count  tuHHl  be  taken  of  ai»y  chiuigcs  in  the  internal  energ>'  of 

te  mibtstaucc,  because,  at  the  end  of  a  cycle  a  substance  is  in  tiie 

name  condition  as  at  the  bt^ginniug. 
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260.  The  Camot  Cycle. — The  simplest  lev^fsiblr'  thermo( 
nfiiuic  cvclc  is  iUni  ilfviMMl  by  C'nrnot,  which  consists  of  four  o 
tions.  In  Uvo  of  these  operalions  ihci*e  is  a  work  change  without 
any  teiii[HMnUir('  chuiige,  while  in  the  other  two  there  is  a  work 
change  withnut  the  passage  t>t"  iiny  heat  either  into  or  out  of  the 
working  sulxstan<*e.  1  liat  is,  two  of  the  optirations  are  isothermal 
ami  two  art^  adiabatie. 

I^*t  ns  now  eorisiiier  a  substance,  the  volume  of  wliich  changes 
with  temperature,  to  go  through  Camot 's  cycle  of  o|x»ratioiis.  Ini- 
agine  lli<>  substance  (o  lie  )[|  a  eyUiuler  one  eial  of  which  is  uiacle  nf 
a  IM'rfeet  heat  conJueUtv,  wliile  ihe  reniaiatier  ol'  the  cylinder  itnd 
also  the  piston  are  made  of  non-conduct  iuji  matcriuls.  In  mhiition, 
imagine  that  we  have  a  non-conduetinji;  stand  and  two  lanic  tanks 
of  water.  F.et  the  water  in  one  tank  Ix*  at  the  temperature  7*1, 
and  the  water  in  the  other  at  a  lower  temperatiu-e  To. 

Let  the  condition  of  the  working  vsubstanec  with  resiwet  to 
pressure,  volume  and   temperature   Ix*   that  represented   by   the 

point  A,  Fig.  234.  Most  substances 
expand  when  their  tempemture  is 
raised .  Thcsi'  tiuljstanees  rise  in 
temperature  when  their  volume  is 
a<iial)alically  decreased.  A  few  sul»- 
stance.s  behave  in  the  opposite  man- 
ner. We  will  imagine  that  the 
wf>rkinp  sulistnnee  under  eonsider^i 
tion  beloufis  to  the  former  elasw.       t|| 

Let  the  working  substance  go 
through  the  following  four  processes: 
First.  With  the  working  substance  at  liie  temperature,  pres- 
sure and  volume  represented  l>y  the  point  A,  place  the  cylinder 
on  the  non-conducting  stand  and  apply  pressure  to  the  pi.ston  until 
the  temi>eratiu*e  of  the  w'orking  substance  nses  to  Tj.  The  pres- 
sure, volume  and  temperature  of  (he  working  substance  is  now 
that  corres|«jnding  to  the  f)oint  B  of  the  <iiagram.  During  tliis 
adiabatie  pnK'css  the  work  done  on  the  working  substance  is  reprc- 
sentwl  by  tlie  are^i  hBAn;  and  as  no  heat  has  either  entered 
left  the  substance,  the  heat  change  is  zero. 
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Se4xmd.     Place  tlic  cylinder  in  the  tank  of  water  of  t-empera- 
iure  7*1  and  allow  the  sutjstiinee  lo  exi)and.     After  this  expan- 
aon  the  condition  of  the  substance  is  represcmleti  by  the  point  C, 
Fig.  2^.     Being  in  the  large  tank  of  water,  the  temperature  of  the 
working  substance  reniaiufi  conatatit.     But  tliis  fuet  rtH^uires  heat 
to  enter  the  substance.     Denote  thij^  amount  of  lieat  by  the  sym- 
bol //i.     During  this  isothermal  i>rocetss  llie  work  done  by  the  work- 
ing substance  is  represented  by  the  area  BCcb  and  the  heat  ab- 
9orb(Hi  cqiiuLs  Hi. 

Third.  Transfer  the  cylinder  i^  the  insulating  stand  and 
allow  the  working  substance  to  expand  adiabaticatly  until  il-s  tem- 
perature falls  to  Tj.  After  tliis  expansion  the  contUtion  of  the 
substance  is  represented  l)y  the  point  D,  Fi^.  231.  During  this 
adiabatic  process  the  work  done  bjj  the  working  substance  is  rep- 
resented by  the  area  CDdc^  and  the  lieat  change  is  zero. 

Fourth.  PUicc  the  cylituier  in  the  tank  of  water  at  the  tem- 
peniture  T-j  and  apply  prtssure  to  the  piston  until  the  subHtanct; 
attains  its  onginal  condition  represented  by  the  point  A  in  the 
dJagram-  During  ihLs  isotiiennal  process,  the  work  done  on  tiie 
substance  is  represented  by  the  area  DAiui  and  an  amount  of  heat 
that  may  Im?  denoted  by  the  s.vTnlMtl  //s  hius  left  the  substance. 
The  res^ults  of  these  four  o|)eratiotjs  can  be  sununarized  as 

(it  MpCfiUoD  'Wi»rk  do»'  by  •ubstancf  ^  -h  B  A  u;  bvat  absorbed  by  lubaliuioc  »  Q 
^  oprrstion — ^Workdonp  byaubntunec  •  BCch;  heat  absorbed  by  flubataoec  =^  Hi 
W  operation— Work  doo"  by  Biilwlnne**  —  C  D  d  c;  hfiit  abstirb'-d  by  Hubetnnoe  —  Q 
Uhuiiorutioti — Work  doifco  by  substanro  —  —D  A  a  J;  bi'ftt  nbsurbt'ii  by  ftubfltancp  »  — //». 

Therefore  the  total  work  done  by  the  substance  is  represented 
by  the  sum  of  the  are^as 

-bBAa-^BCcb-^CDdc-DAad; 

and  from  the  diagram  this  sum  is  seen  to  be  equal  to  the  area 
ABCD.    The  total  heat  absorbcii  by  the  i^ubstance  is  Hi  —H2. 

Consequently,  since  the  final  condition  of  the  working  sub- 
stance is  the  same  as  the  original  condition,  the  result  of  this  cycle 
of  four  operations  is  that  an  ainounl  of  work  represented  by  the 
area  ABCD,  has  been  produced  at  the  expense  of  an  aroount  of 
heat  (Hi -Hi). 


{ 


320 


THEHMOD^'NAMICS 


4 


OIn'iously  tho  oyolo  coulfl  shut  at  any  point  and  procoorl  in 
cithtT  tlirection.     If  the  (iinx'ticm  Ih»  revprwuS,  H*  will  bf?  al^orlx; 
from  the  cold  btidy,  and  a  larger  quantity  Hi  lost  to  the  hot 
bofly  at   tho  cxjmmiso  of  nioclumicjil   work  snpj^lied  fn>m  otit*; 
represented  by  the  area  A  BCD,     Tliia  cycle  ia  consecjuenlly 
fectly  reversible. 

261.  The  Reversible  Thermodjmamic  Engine. — Any  arrange- 
ment capable  of  trunsfonniag  heat  uito  work  is  a  thcrnnKlynamic 
engine.  An  engine  in  which  the  working  substance  traverses  a 
revei'sil»Ic  cycle  Ls  called  a  revei'siblt^  engine. 

When  iieat  is  transfornied  into  work  or  mechanical  work 
transformed  into  heat,  the  quantity  of  work  is  equivalent  to 
quantity  of  heat.     But  it  must  Ix-  noted  that  under  the  o<jnditiou9 
of  tem^Kiiuture  jxjsslble  on  the  earth's  surface,  it  is  imixjssiblc  to^ 
transform  all  of  the  heat  taken  from  a  body  into  mechanical  worl^f 

Th(r  iliMcutNsion  of  llie  transformation  of  heat  into  work  will  be 
much  simplified  by  considering  the  engine  to  go  through  a  cycle  of^ 
operations  such  that  at  the  end  of  the  cycle  the  working  subetanojH 
is  in  the  same  condition  that  it  was  in  the  beginning.     By  this 
device  the  iiitenial  enetg>'  of  the  working  substance  will  be 
same  at  the  end  as  at  the  l>eginmng,  and  any  work  done  by  tl 
engine  will  l>e  due  sitloly  to  thr  heat  supplied  to  it  from  outside 

If  an  engine  [assesses  friction  it  is  irreversible  because  heat 
developed  at  the  e^xix'nse  of  mechanical  energy  in  whichever  dii 
tion  the  cycle  is  traversei!.     In  an  actual  engine  there  are  alway 
unavoidable   inever'sible   thennal   losses  due   to  conduction   ai 
radiation.     Consefjuently  no  actual  engine  is  perfectly  reversibl 
and  no  actual  engine  can  do  the  amount  of  work  corresponding  to' 
a  perfectly  revei'sible  cycle. 

262.  The  Thennodynamic  Efficiency  of  a  Reversible  Engine  is 

Greater   than   that   of   any  other  Engine. — The   Ihcnnodynauiic 

i'fTicirncy  of  an  engine  which  is  Uansfoi Jtdng  thermal  energy-  irilo 

mecharjical  energy  is  the  ratio  of  the  work  done  hy  it  to  tJ 

mechanlral  e(puvaJent  of  the  heat  absorlx^d  from  the  hot  body^ 

Or,  in  symbols, 

W 
Thermodynamic  efficiency  =  -fjy- ,       .      ,      . 

J  it  I 
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niiere  IT  represents  the  number  of  unit.s  nf  work  done  by  the 
'cOginCf  Hi  is  the  number  of  units  of  heat  absorbed  from  the  hot 
body,  and  J  is  the  numl^er  of  work  units  in  one  heat  unit. 

In  the  cai*e  of  an  engine  which  is  transforming  work  into  lieat, 
the  efficiency  for  transfonninfr  work  into  heat  is  the  ratio  of  the 
niechanical  equivalent  of  the  heat  emitted  to  the  work  al>sorlxxl, 
while  the  efficiency  for  transforming  hcaf  into  work  is  the  ratio 
of  the  work  absorbed  by  the  engine,  to  the  mechanical  e{jnivalent 
of  the  heat  imparted  to  the  hot  body. 

It  will  now  be  shown  that  a  reversible  engine  working  be- 
r^n  any  two  tempx^ratures  will  transform  into  n)echaniral  work 
kter  fraction  of  the  heat  absorbed  than  any  other  engine 
forking  between  the  siime  teinjwratiires.  In  other  wordn,  it  will 
be  shown  tliat  the  reversible  engine  has  the  liigliest  possible  effi- 
(iency. 

Thus,  Bupixjse  a  certain  irreversil>le engine  A',  Fig.  235,  be  con- 
ceive<l  to  Imve  a  higher  eihciency  tiian  the  revei'wibte  engine   )'. 

Imagine  the  two  engines 
coupled  together  so  that  the  irre- 
vensil)le  en|i;ine  A'  drives  the  re- 
vensible  engine  Y  in  the  reverse 
dirertion.  By  this  process,  at 
every  stroke  A'  is  putting  irito  }' 
a  certain  amount  of  mechanical 
work  W,  and  by  the  exix'ntlihin^ 
of  tliis  work  1'  will  absorb  from 

the  cold  boily  an  amount  of  heat  Hz  and  give  to  the  hot  boiiy 
a  greater  amount  fh.  The  engine  A'  will  absorb  from  the  hot 
body  an  amount  of  heat  //i,  deliver  a  part  of  it  f!j  to  the  eold 
body  and  transfonn  the  remainder  into  an  amount  W  of  meelian- 
ical  work.  By  the  aissuiupllon  that  X  is  more  efficient  than  Y, 
that  is,  that 

j^- IS  greater  than  ^-^^, 

it  would  follow  that  !fi  Ls  greater  than  //i;  in  other  words,  that 
the  engine  Y  imparts  more  licat  to  the  hot  lx)dy  than  the  cnginq 
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A'  tAkes  from  it.     Consequently,  if  the  original- a^^sumption  be  cor- 
rect,  the  ronibineil  solf-wjnliuneil   .sy.st(»ni  <MiabIcs   hcjit   to   [wiss 
continuously  from  ti  ruld  to  a  hot  IxKiy  until  the  entire  quantity 
of  heat  in  tho  cokl  Ixnly  is  exhausted.     Since  this  resizlt  is  eon-] 
trary  to  llie  siroml  law  of  therniodyntmiios,  it  proves  that  the] 
origjinnl  fLssunifition  is  fnlse.     Therefoiv  no  engine  ean  lie  uiortj 
efficient  than  a  reversible  engine. 

By  letting  both  A'  and  }'  be  reversible  engines  and  proceed- 
ing as  alx)ve,  it  ran  be  shown  that  all  rovensiblc  engines  working 
between  the  same  tenijxTaUn*es,  and  using  the  same  working  sub- 
stance,  have  the  same  efficiency. 

By  means  of  the  same  method  employed  above,  it  can  be 
shown  that  if  A'  uses  a  different  working  sul>stance  than  Y,  the 
effi<nenrv  f>f  X  will  lx»  th(*  sanic  as  llial  of  )'.  Wlience,  the  effi- 
ciency of  any  theniKxlyiiaiiiic  engiia*  is  inde|X'ndent  of  the  work- 
ing substance. 

Since  no  irreversible  engine  can  ilo  the  amount  of  work  cor- 
responding to  a  i»ef'fectly  reversible  cycle  (Art.  251),  a  perfectly 
revcrsiblf  engine  is  more  efficient  than  any  other. 

It  has  now  lM»en  sliown  that  the  mexihanical  energy  devclo'ped  by 
any  therm (Mh/nomic  engine,  ■working  between  any  tvx)  teviperalures, 
depends  only  upon  the  qvantiiy  of  heat  irnn^formcd;  and  that  a  rever- 
sible engine  will  trarijifonn  into  mechanical  work  a  greater  fractioh 
of  the  heat  obHorhed  tiuin  any  other  engine  loorking  between  the  satne^ 
temperatures. 

It  is  nut  Belf-evident  that  the  amuuiit  of  work  done  by  an  enicine  deprads 
only  on  (he  nimmnt  of  heat  tranMftirmwt,  und  in  indp|»eiKlent  of  the  workinjc 
Bubfitunoc.  For  example,  ethyl  ether  boils  at  35"  C,  whereas  water  Iwib  at 
100"  C;  the  boat  equivalent  of  vu[>orizution  of  ether  is  90  calories  per  gram, 
whereas  that  of  water  is  539  calorics  per  gram;  the  spceific  heat  of  both  ether 
vapor  and  of  water  vapor  is  al>out  0.45.  Consequently  to  produce  a  given  mam 
of  ether  vajfor  at  loO°  C'.  re<|uire«  al^mt  one-fifth  as  nnich  heat  as  is  refjuired  to 
produce  the  rame  mass  of  water  vapor  at  the  same  temfx»rature.  A^iun,  the 
vap<ir  jiressure  nf  ether  nt  150"  C  is  aixiut  four  time^  as  great  as  the  vapor 
pressun*  of  water  at  the  ^ame  temperature.  Const^quontly  by  die  expenditure 
of  a  Riven  amount  of  heat  on  ethivr  thi-re  eoiilil  Iw  jmnhn'^Hl  twenty  timea  as 
great  a  forw  on  a  piston  as  if  the  sanin  arnr>\itit  of  heat  were  given  to  wafer. 
After  thu  ether  vapor  has  expanded  it  could  be  readily  recovered  for  use  again. 
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id  fin  the  originn]  grcol^r  cmibI  of  ether  over  wBtcr  would  not  be  a  seriouB  objet-- 
tlion  to  iL8  iisp.  " 

ThotR  facia  luve  led  tnuny  untrained  prarlu-al  men  to  imagine  that  the 

efficiency  o(  u.u  engine  could  be  increased  by  ^ubHtituting  fur  water,  ether  or 

le  ottier  volatile  liquid.     The  pbuuiiljility  of  Ihc  Krheinc  't»  ko  great  thai 

d  rt^inpantei^  have  Iwen  ftirmrd  to  build  such  enjsinra. 

hf  iiiv\  tost  Kiglil  i;f  b*  (but  for  work  to  be  devi'ln])ed  the  vapor  must  ex- 

iMid.     TtiiH  cxjmnsion  rauses  rcM>ling.     Tf  a  nmall  amount  of  heat  w&b  recpiired 

[til  vaftoriae  the  liquid,  the  loss  of  a  small  amount  of  heat  will  rauw  the  vapor 

to  cfindeiLHc.     Wlieu  tlie  vapor  ecmdeiuica,  the  pressure  which  it  exert«  on  the 

Ipislun  beiijmes  zerA. 

253.  The  Value  of  the  Thermodynamic  Efficiency  of  a  Revers- 
ible Engine. —  If  a  tboriiKKlynamic  cntiiiu'  alj.soil»s  fmm  a  hot  Ixniy 
an  MJiiutint  of  thtrriiiul  eiicrgj^'  iHiitul  to  Jil]  mvi^Uixmciil  imits  and 
develops  AW  units  of  work,  we  have  from  definition, 

Alf 
Tliermoilynaniic  efficiency  =  ,^ 

A  value  of  the  efficiency  of  a  revereiblc  engine,  expressed  in  terms 
fof  the  tcnipcraturo  at  which  lumt  is  reccivc<i  from  the  hot  Ixxiy  ajid 
the  tcin[x*ratiirc  at  uluch  heat  is  rejected  to  the  cold  bwiy  will  now 
Ix;  detluced. 

Since  the  efficiency  of  all  reversible  engines,  working  between 
the  Ninie  two  temperatures,  is  the  pnme,  and  is  indep(!n<l(*nt  of  the 
L  working  subslance,  the  efficiency  can 
■Lo  determined  from  tlxe  conKidtMiition 
Hof  u  rcvcrsiidt.^  engine  using  whatever 
Kworking  f?ub!?tance  is  most  convenient. 
Hit  will  l>G  simplest  to  consider  a  per- 
i  feel  gas.  I^t  a  mass  of  perfect  gas  go 
through  the  cycle  of  operations  i^pre- 
;nted  by  A  BCD,  Fig.  23G,  between  the 
tciiifieratiires  T\  and  7^2-  Dmw  the 
ines  Bh  and  Cc  par:dlel  to  the  pressure 

The  mecbanieiil  work  done  during  th.;  cycle  is  represented 

the  area  A  BCD  ^  area  EBCF  when  tJie  isothermals  and  adiaba- 

[lir:?  are  drawn  .so  close  togetlier  that   thr  figun*  ABCD  ryay  Iw 

IroniiidenKl  to  be  a  [>aralle]ogram.    The  work  done 

AW  =  (BE)  (be). 


^1 
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Let  V  (jetiotc  the  volumn  of  gas  when  in  the  comiitioii  repre- 
senttul  by  tho  point  B  and  let.  A  V  dvnoU'  the  small  eliiuiKe  of  volume 
repro.sentod  by  the  line  he.  When  at  the  constant  vttlunie  Vj 
let  f  1,  ami  F2  ho  the  pressures  of  the  gas  at  the  tcmix.'i*aturea  T\ 
and  Ta,  respectively.     Then 

iBE)  =  Pi-P2. 

Wlieuee  the  work  d<jne.  ihxniii!,  (he  eyrie,   vvlirn   Ih*'  ehanjiie  in 
volume  is  small — 

AW[  =  (BE)  {he)]^{rr-P-j}AV.     .      .      .      (1.J7) 

Now  the  heat  leeeived  from  the  H4Mn'c(%  expressed  in  dynamieall 
units,  is  Jfli;  and  when  the  ehanj^e  in  voluni*^  is  small,  this  tHpiaW^ 
Fx^y.     Wheru'e,  for  a  reversible  engine, 


Thermo.  efF. 


AW 
JHi 


(P,-P^)aV 
FiAV 


Pi-P'j 

Pi     ' 


a 


p  ~  p' 

We  slinll  now  tind  an  ex[)ression  for  — p — . 


48^ 


For  the  condi- 

licui  repre*ieiit-t^d  by  the  ]H»int  /V,  Fig.  236,  we  have, '(143), 

F^y  =  IimTu    .     .      .      . 

and  for  the  rondition  represeiit<'<l  by  the  iM>inr  E, 

p2\=RmT2 (150 


(I49)_ 


in  whieh  the  tempemtures  T\  and  To  are  reekouod  from  tlie  alwo- 

lute  zero  which  is  27:^°  C,  lielow  0°  C.  or  -159°  F.,  below  0*"  R 

Dividingeach  memljer  of  (150)  by  the  corresponding  member 

of  (149), 

P2_T2 

Pi'Ti' 


or 


whence, 
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Substituting  this  value  in  (148),  wo  have  for  a  reversible  engine 
AW\^Ti-T2 

jhA      Tx   '   ■    ■    ■ 


Theniiu.  vff. 


(151) 


And  since  a  perfectly  reversible  cycle  is  the  most  efficient 
DH'lliod  for  the  conversion  of  heat  into  work,  it  follows  that  the 
maxitnunj  amount  of  work  that  cyn  be  proihieetl  l>y  the  transfer 
»f  the  quantity  of  heat  Hi  from  the  absolute  temperature  Ti  to 
the  absolute  temperature  Tz  is 

Ti-T2 


SW^'JHi 


Ti 


(152) 


It  should  l^  noticed  that  if  the  ehangew  of  pi-essure  and  volume 
arc  siriall  this  result  a[iplie,s  to  any  reversibk*  cycle  in  wliich  heat 
i»  transformed  into  any  olh<u"  form  of  energy.  The  i-esult  is  inde- 
IK'ndent  of  the  working  substance  employed  and  of  the  sort  of 
wierg\'  into  which  the  heat  is  transformed.  In  deriving  this 
result,  the  sole  reason  for  considering  C'arnot's  cycle  is  the  great 
wraplicity  of  this  fwirticular  series  of  ojx^rations. 

By  more  ekilxirate  matheniutirnl  metlKnls  these  same  re- 
sults may  be  obtaintnl  for  a  <'ycle  in  wliich  the  eluinges  of  preusure 
and  volume  are  as  great  as  we  please. 

Another  expression  for  the  efReiency  of  a  reversible  engine 
may  l>e  derived  as  follows.  Ix't  the  (quantity  of  heat  not  Irans- 
Formetl  into  work  l^e  denoted  by  H-j-  Tlxen,  from  the  first  law  of 
thermodynamics  the  work  pnKluc<^d  is 


Sulistituting  this  value  in  (140), 

J{H,-H2: 


Thermo,  eff. 


AW 


Jffi 


H1—H2 

III      ' 


(153) 


254.  Conditions  which  Limit  the  Efficiency  of  an  Actual 
Engine. — We  have  seen  thai  llie  therniudynaniic  efliciency  of  a 
reversible  engine  is  greater  than  that  of  any  other;  that  the  effi- 
ciency is  independent  of  the  working  substance;  and  that  when  all 
of  the  heat  entering  the  working  substance  is  absorbed  at  an  absolute 
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temperature  Ti,  and  that  the  heat  which  is  rejected  is  at  Tz,  the 
magnitude  of  the  efficiency  is  directly  proportional  to  7*1  —  Ja,  If 
any  of  the  heat  received  is  at  a  lower  temperature  than  Ti,  or  if 
any  of  the  heat  rejected  is  above  Ta,  the  mechanical  work 
developed  will  be  less  than  if  all  of  the  heat  absorbed  had  been  at 
Ti  and  that  rejected  had  been  at  T2. 

In  order  that  the  cycle  of  operations  may  be  reversible,  (0) 
the  temperature  of  the  working  substance  when  receiving  heat 
must  be  the  same  as  that  of  the  source,  and  when  rejectiDg  heat 
must  be  the  same  as  the  temperature  of  the  condenser;  (6)  no 
energy  must  be  absorbed  in  friction  or  in  setting  the  piston  into 
motion;  (c)  no  heat  must  be  emitted  except  to  the  condenser. 

For  a  steam  engine  the  temperature  range  is  limited  by  the 
freezing  point  of  water  and  the  greatest  practicable  boiler  pres- 
sure. Up  to  the  present  time  boiler  pressures  greater  than  300  lb. 
per  sq.  in.  have  not  been  in  successful  use.  At  this  pressure, 
water  boils  at  417°  F.  Remembering  that  the  temperatures  Ti 
and  T2  are  reckoned  from  a  zero  point  459"  F.  below  the  Fahren- 
heit zero,  the  value  of  the  thennod>Tiamic  efficiency  of  a 
reversible  engine  working  between  417°  F.  and  32**  F.  is  seen  to 
have  the  value 

For  the  following  reasons  the  efficiency  of  any  actual  engine 
working  between  these  tempcraturt^s  will  Ix?  much  less. 

1.  Some  of  the  heat  will  be  received  at  a  temjxjrature  below 
417°  F. 

2.  Some  of  the  heat  will  be  rejected  at  11  temperature  above 
32**  F. 

3.  Mechanical  energy  will  be  lost  by  friction. 

4.  Heat  energy  will  be  lost  on  account  of  conduction  through 
the  cylinder  walls  and  condensation  of  steam  within  the 
cylinder. 

IjOsscs  from  these  causes  are  made  as  small  as  possible  by  using 
(a)  pipes  of  short  length  and  large  diameter  to  connect  the  engine  to 
the  boiler  and  to  the  condenser,  (&)  quickly  operating  valves  hav- 
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large  ports,  (c)  thoi-ough  piston  lubrication,  ((/)  superheated 
5tpam,  (e)  strain  jackets  about  the  cylimlers. 

The  gi*eatest  efficiency  actually  obtained  with  a  reciprocating 
t'iipne  is  about  0.25.  This  dcg^rce  of  efficiency  is  only  possible 
when  the  steam  is  supplier!  iii  tugh  temperature  (alxjve  400**  F.)i 
and  the  condenser  is  o|M^niled  at.  a  low  temjx^rature. 

256.  Internal  Combustion  En^es. — There  are  many  types  of 
I'lipno  in  which  li(iuid  or  pis*H>us  furl  is  biirmnl  wilhin  flic  fvlindcr. 
If  the  piston  could  be  driven  by  the  exjwinsion  of  the  products  of 
combustion  stjirting  at  the  temp(*ratun^  (jF  conilmstion,  such  an 
t'tiginc  would  be  much  more  efficient  than  any  |>os.si})lc  steam 
t^ugiue.  Unfortunately,  however,  such  Uij^h  lcaiiH*niturcs  would 
destroy  any  lubricant  as  well  as  the  surface  of  the  cylinder  walls. 
But  the  cylinder  can  Ijc  ciHflcd  to  a  i)niclical  <i|H'ni1irif;  tcmix^rn- 
tiire  which  is  still  higher  !hun  that  which  can  be:  cronomically 
BUp(4ied  by  steam.  Internal  combustion  en|£!nes  using  crude  oil 
wfuel  have  been  constmcted  tliat  yield  2500  H.P.  per  cylinder  at 
*n  efficiency  exceeding  30  (x>r  cent. 

•SriLVKI>    PKOnLKUS 

I^OLBM. — A  locomotive  burning  803  lb.  rual  per  hour  iind  running  30  mi. 
PPfhr.  exerts  a  draw-liar  ptill  of  '.iU'u  lU  wl..  Tho  roal  luw  jl  thcrriuil  vahie  of 
1*300  B.t.ii  per  Ih.  Fin<i  t!je  HP.  <lfvt'lopt'd  bv  \hv  locomotive  and  also  the 
«tual  efficiency  of  tlit*  comlunrd  bojlejr  anii  cngitKs. 

SOLCTION. — 


Actual  eff ,  * 


lb,  iKT  wf-        3467(30X5280) 
550  J  ~     550(60X00) 

Work  perfomiwl 
Mechanical  oquiv.  i>f  heut  ftiippHcd 


277. 


H 


34(^7(30X5280) 

863X14.500X778 


o.oc. 


Phoblbm. — A  450  II. P.  condeostng  engine  i.^  supplied  with  steam  from  a 
that  has  an  efficiency  of  47C^.  Each  htmr  there  arc  cunsurned  1170  \h. 
1  having  a  heat  value  of  12(X)()  B.l.ii.  \kt  lb.  Tlir  leniiH'radirf  of  the 
steam  saipplied  to  the  engine  is  370*  F.,  and  the  tenijK'niUirc  of  thecondcnper 
»  132"  F.  Find  the  thermodynamic  efficiency,  and  the  actual  efficiency  of 
the  engine. 


THERMODYNAMICS 

Solution'. — 

ReinemlKTinp  Ihal  the  teni]>eraUires  Tt  and  7':  are  rockunwl  frc^m  a  tero 
point  459°  V.  below  the  Fahrenheit  sero,  we  have 


Actual  pfT. 


(370+459) 
Work  performed 


Moclmnical  equiv&lcui  of  heat  supplied 

4.'inx5.5()XfiOXfiO 

=0.17. 

I170X11-HM)(JX0.47X77S 

PROBIXM. — A  125  HP  mui-iuiiilLMwitifconginp  ta  supplied  with  Btrani  froni 
a  boLl(?r  that  has  an  cHiriciv  v  uf  5/)' ;       KaHi  hour  thiTi'  are  cuusuincd  73'2lb 
of  «ml  of  a  lhf.TiiinI  vahir  iif  l2tHH)  B.t.u    per  Ih      The  Ht^'ain  enlerin^  the 
engine  Is  at  324"  1''..  ami  thr  i-xtimist  is  :il  22*i"  I'',    ImikI  the  relutiun  Iwtwt 
the  ui'tual  and  the  therittudynaiinc  efliriency  uf  ihe  engine. 

Solution. — 

Work  iM'rfonntnl 


Actual  cff. 


MechuuiecU  equivulonl  uf  heut  supplied 
12.5X550X60X60 


732X12000X0  55X778 


=  0.000. 


[^'^-'\— 


_               .  .         ...       324+459) -(220+459) 
Thermo,  ...  |  =-^     |  = ^^^^^^ 0.13. 


Actual  efT.      0.06C 

=0.5. 


Thermo  efT.     0  13 

256.  The  Utility  of  the  Principle  of  the  Reversible  Thermo- 
dynamic Engine. — The  principle  of  IIh'  irvorsihlc  engine  is  of  wide 
a[)]>Hc:iti(>ii  in  Ix^th  scienre  uitd  oiipiiUMTinj;.  For  example,  it 
slitiws  Ihat.  the  quantity  of  work  ])rcMln("<'tl  by  any  continuously 
operaliiiK  engine  is  iniio|wndent  of  the  working  ,siit»stance  and 
depemds  ordy  on  the  amount  of  heat  trunsf4)nned.  It  show?  that 
the  eiTicic'tuy  of  an  engine  i.s  increaj4<Hi  when  the  tempin-ature  of 
the  source  of  heat  is  raise*!  und  when  the  temperature  of  the 
exhaust  is  lowcnxl.  For  this  reason  large  engines  now  eelduin  ex- 
hatiat  into  the  air,  but  ust*  eondensers,  and  it  is  now  U'eoniing  more 
and  more  the  praotieo  to  supply  engines  with  high  pressure  (i.e,,,^ 
high  temperature)  steAro, 
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If  ull  tlu'  heat  alwulKxl  In'  an  jiclual  rnKiiiP  enters  iit  <hr 
le  high  tcuipuruluro.  ami  all  the  heat  ciiuttfd  escn|x?s  at  iho 
le  lower  leniiKMUtun*,  thcu  the  efficiency  of  the  given  engine 
iU  approximate  to  the  efficiency  of  the  ideal  fevei-sihle  fitgimr, 
working  between  the  given  teni|)eralua»8,  in   projHjrticjn   to  the 
^ilei^roe  of  revei-aibility  of  the  cycle  traversed  by  the  working  sub- 
ice. 

This  principle  hits  !ilso  l)ccn  iisoA  to  deterinine  the  amount 
elevation  of  th(»  iMiiling  ]K)int,  and  the  depix^swion  of  the  freez- 
ing jviint  of  Hciuids  by  prt*samv.  The  elevation  of  the  boihng 
|M>int»  and  the  depression  of  the  fnx*zing  point  of  soiutionw  pro- 
duced by  the  adtlition  of  a  Bolute  can  a!w>  \ie  compute<l.  The 
stiindard  methods  of  determining  the  nu)lecular  weights  of  chem- 
ical romjxjimds  tlejiend  upon  this  principle.  If  the  chemiciil  ac- 
tions that  occiu"  in  a  galvanic  cell  are  known,  this  principle  aff'ords  a 
inefluMl  of  cotnpnliiig  tlieclectnimotive  forci-  that  will  bcdevelo|x'd. 
257.  Kelvin's  Thermodynamic  Temperature  Scale. — The  tem- 
perature scales  heretofore  considered  depend  upon  some  prop- 
erty of  a  given  substance.  But  since  the  work  done  by  a 
reversible  engine  depends  only  upon  the  temperatures  l>etween 
which  it  operates,  and  not  upon  the  naturt*  of  the  working  sul>- 
?lnnep,  it  folldws  that  the  diiTerenee 
\  K'tween  t  he  t  em jx-rat  ures  can  ho 
;rxpr<uss(Hl  in  teniLs  of  the  work  done 
by  a  rever-sible  engine  operating  be- 
IwiM'H  ihoMr  te.inixTutim's.  On  this 
Imflia  Lord  Kehnn  has  devise<l  the 
thermodyuainie  "  or  "  abHolutc  " 
Hcalc  of  tomperaturc. 

In  Fig,  237  supjwse  that  t^  is  the 
iMothennal  of  any   :>ul)stnnce  at   thi* 

teinperalureof  |^)iling  water,  and  that     i r.twmj 

r»  is  the  iflothemial  at  the  temperature  |,.,^.   23- 

vl   freezing    water,    while   ah  and  al 

(KPe  tw<i  adiiibatii^a  of  water.     Let  the  area  inchuled  Ix-tween  lhe:?e 

four  Unefl  be  divided  into  n  etjual  pJirts  by  a  series  of  isothenmUs. 

[Tljen  the  same  amount  of  work  will  l»e  dev<'loped  by  a  Camot 
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cycle  operating  between  any  two  consecutive  isothermals. 
Kelvin*8  suggestion  is  that  the  temperature  difference  of  those 
isolherraals  be  cjillod  equal  between  wliich  equal  amounts  of  work 
are  developed  by  the  ojx^ration  of  a  Carnot  cj-cle.  Some  of  the 
projXirties  of  a  t-empcraturc  scale  constructed  on  thia  basis  will 
now  be  considered. 

The  anra  of  the  figure  included  between  the  isothermals 
and  Ta  represents  the  work  done  by  a  Carnot  cycle  operating 
twiHMi  these  ttnnpe.rutureH.     If  this  arrai  be  denoted  by  A ,  then 

area  of  each  element  into  wliieh  it  is  divided  is  — ,  and  the 

of  the  figure  included  between  any  two  isothermals  equals 

product  of  —  aud  the  difference  in  tempt^nlture  of  the  given  iso- 

rt 

therniala.     If   a    revenuble    engim'    o[x'mt in^  between   the   tem- 
peratui-e  n  and  t2  absorbs  from  the  hotter  Uxly  an  amount  of  hea^ 
Hi,  and  crnitH  to  the  t«lder  body  an  amount  A/a,  then,  (Art.  24 
the  work  done  by  the  working  substance  is  J(//i— //o).     Since 
the  area  of  the  Hgiire  iiu'hidi'd  Iwtweeii  the  two  isothermals  n 

A 

72    is    — (r|  — Ta),  it  follows  that 


^ 


n 


This  e(iuali<ui  is  true  whatever  Ihe  amount  of  heat  reeeiv 
from  the  hot  Ixxiy,  an<l  the  amount  emitted  to  the  cold 
C-onsider  the  fmrlii'uhir  ease  where  all  the  lieut  iveeived  from  I 
hot  bvHly  is  transfonned  into  work;  that  is,  in  wliioh  the  quanti 
of  iieat  emitteci  to  the  cold  body  equals  zero.     In  order  that  the 
engine  may  Iransforuj  into  work  the  entin*  (quantity  of  heat  re- 
ceived from  tlie  hot  body,  the  adiabatii'  exi)autfion  of  the  workin 
substance  must  continue  until  the  working  substance  is  enti: 
devoid  of  heid.     The  teiHfjeraluj'e  whieji  Ihe  exhaust  of  a  reversi 
engine  wouUI  need  to  have  in  order  that,  the  engine  may  convert 
int^i  work  all  of  the  heat  supplied  to  it  is  taken  as  the 
dynamic  zero  of  temtK-rature.     At  thia  temperature  a  substan 
would  lie  entirely  dev<jid  of  heat. 


lihl^ 
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In  this  case  H'2  =  o  ami  r2  =  o.      Therefore,  for  this  particular 
caae  (154)    liecumes 


J//i  = 


ri 


(155) 


It  is  to  be  noted  that  (154)  apples  to  a  reversible  engine  work- 
ing between  tj  and  t2,  tftid  which  receives  a  quantity  of  heat 
//i  from  the  hot  body;  while  (15.>)  applies  to  a  i^eversible  engine 
working  between  n  and  the  tiiennodyuaniic  zero  of  teaijK'rature 
and  which  receives  from  the  hot  body  a  quantity  of  heat  Hi.  On 
dividing  each  member  of  (154)  by  the  corres|x>nding  member  of 
(155)  we  obtain 

n  I  —  #-f .»        Ti  —  r.j 


TI  —  T2 


//l 


Tl 


This  is  the  value  of  the  efficiency  of  a  reversible  eiisuie 
operating  between  the  temperatures  ti  and  t2  measured  on  the 
thcruiodynajnic  temperature  scale.  Anil  since  tht?  efFicienry  of 
such  an  engine  is  independent  of  the  working  substance,  it  follows 
that  the  relation  between  any  two  temperatures  measured  on  the 
thermodynamic  scale  is  independent  of  the  working  substance 
employed. 

On  putting  (150)  into  the  form 

Hi      ro' 


(157) 


it  is  seen  that  the  ratio  of  the  (juantity  of  heat  absorbed  by  the 
working  substance  to  the  quantity  emitted, •eriuals  the  ratio  of  the 
tempcratiu^s  between  which  tlic  leversible  engine  is  operating. 
Hence,  tlie  ratio  Itelween  any  two  tcfnpcmtuns  measured  on  the 
thermtxlyyxamic  scale  equai^  Ike  raiio  between  the  quantity  of  Heat 
absorbed  to  the  quoniity  emitted  by  a  reversible  engine  operatitig 
between  those  temperatures. 

From  (153)  and  (151)  wc  have 

//1-//2  r,-r» 


(158) 


I 


i 
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From  (lo7)  and  (158)  it  follows  that 


(159) 


the 


Wheiu'o,  tho  ratio  hotwciMi  tlic  numljors  cxpn'ssing  two  tem- 
peratures according  to  thr  thormodyiiaiiiic  scale  efjuals  the  ratio 
l»etween  the  nunil>ers  expn'ssing  the  same  tem|x*ratureK  according 
to  the  i<lcal  gas  scale.  S 

268.  The  Experimental  Realization  of  the  Thermodynamic^ 
Scale  of  Temperatures.^ X<>  lh<'nnomctcr  ha.**  b(*en  made  the 
action  of  which   dc|)end.s   uixmi   the   reversible  engine.     And 
actuid  gius  obeys  the  laws  of  jK^rfcct  ga.ses  exce|)t  through  a  Iii 
itcd   range   of   tempei-attire.        Coiisequenlly,    Ix'fore   the   aUive 
cquahty  can  Ih^  used,  it  will  bo  necessary  to  investigate  the  depart- 
ure of  actual  gases  from  jK'rfection. 

This  subject  was  investigated  by  Joule  and  Kelvin  by  nu 
iug  the  Icmporaturc  and  prefisureofgiuseslx'foiv and  after  travel 
ing  a  porous  plug  of  cotton  wool.     In  order  that  a  gas  may 
perfei't,  it  must  obey  Boyle *8  Law.     This  implicH  tlmt  there  ia 
force  l)etweon  the  molecules.     If  such  a  gas  travei*se  a  ]x>rous  plug, 
the  potential  energy  of  the  molecules  i»eforc  entering  the  ])1uk 
will  W  the  same  as  their  potential  energy'  on  emergence.     The 
totul  energj'  as  well  as  the  |xjteritial  energy  being  unchanged,  there 
will  be  no  alteratioi\  in  the  kinetic  encrg>'  of  their  vibration  aiM^^ 
conswjucntly  no  change  of  temix-mture.     If,  howe\'er,  there  Ix?  ^H 
force  of  ivpulsion  behveen  (he  nidlecules  of  a  ciTtaiu  g:u*^,  the  poten- 
tial t^nergy  of  tlie  jnoleculcs  on  emergence  will  be  less  tlmn  their 
|K>teTitiivl  encrgv'  lieforc  entering  the  plug.     The  total  energy  being 
constant,  their  kinetic  cnei^gy  will  be  greater  on  emergence  than 
on  entrance,  that  is,  the  temperature  on  emergence  will  excee<l 
the  tonipt^rature  on  entrance.     Contrariwise,  if  it  l)e  found  that 
a  giveii  gas  be  cooled  1)V  piuwing  through  a  pomua  plug,  on^H 
would  know  that  the  molecules  of  this  gas  attract  one  another.      ^^ 

From     these    con.«(ider!itioTis    and    certain     thenuodynamical 
principles  whirli  we  hnvv  no(  dcvelofwd,  il  is  possible  to  constnn 
an  equation  coordinating  the  indicated  temiKTatui-c  of  m  autui 
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gas  within  the  bulb  of  a  constant  volumo  thernionirtor,  and 
ihc  thcrnuKlynaiuk-  teriifx.*ratui-e  of  the  gas.  Thu.s  if  T  and  T* 
represent  tim  conatiint-volunie-tlieriiioinetcr  tiMnjKTatiirvs  of  the 
specimen  on  entering  and  after  traversing  the  porous  plug,  P  and 
F*  the  pi^essiires  on  onloring  iind  after  leaving  tho  pltig,  f  tlio  specific 
heat  of  the  gas  under  constant  pressure,  J  tlic  niechniiical  rquivu- 
Icnt  of  heat,  and  t  the  thennodynarnic  temperaturi-  of  tlic  gas  on 
entering  the  plug,  it  can  he  shown  that 

^^^^MT^ (,60) 

k  log,p 

where  A*  is  a  constant  of  thr  pariicular  gas  that  ran  he  determined 
by  experunent. 

The  difference  l>etweeri  the  values  obtained  for  a  given  tctn- 
pemlure  on  the  therniodynamin  scalt?  and  on  the  constant  volume 
bydn^gen  ihernionictor  is  very  small.  For  instance,  between 
— fiO*  C,  and  150**  C,  the  diffen-'nce  is  less  than  0.f)Ol**  C.  At 
lfX)0**  C,  the  hydrogen  thermometer  gives  a  n»ading  about 
O.OI4°  C  too  low.  In  work  of  precision  observed  mercury  or 
gas  thermometer  indications  arc  correct-ed  so  as  to  express 
absolute  Ihermodynamic  teni]XM-atures. 

Temperatures  expn'sstnl  according  to  Kelvin's  IhcrmcKlynamic 
leinpemitire  .strale  are  iiulicalcd  by  the  syminjl  A'.  Thus, 
**  l(KK)  A'  "  represents  a  tempci-aliiro  of  IfKM)  centigrade  degrees 
above  the  alwolute  zen)  on  I  he  lhenn{Mlyiiainic  scale. 

1.  A  rylinder  of  coinprpsstH]  air  bursti?.  The  gtta  Is  (X>oIe<l  tx-low  thi*  r«jldcsit 
surrounding  ohjct-ts  ixn*!i  cxteniul  work  is  dutic.  Is  this  in  violation  of  the 
Eicooud  law  of  thermodynamics."     Give  rt-usMns  for  your  answer. 

S*  The  earth  pusscssts  a  large  amount  of  heat  cncrgj'.  State  the  principle 
which  |)rcvt'nt«  uk  from  arninitiluting  all  uf  tluH  rnorgy  at  u  definite  plut'e, 
thiiMi  rcntingamran^of  \mu^  this  ('mrp>'  in  doinp  work. 

3.  If  the  ga^p  pressure  of  a  Ioet>motivc  holler  tie  iiwiintainod  eonslant,  will 
the  prjwer  of  the  engine  be  dKTerent  when  the  locomotive  U  at  a  hijih  hM  iliidi' 
than  when  at  low  leveU? 

4.  I>w«  the  ecoiumiy  effect*?*!  by  the  ste-am  condenser  of  a  [Mtwer  plant 
depend  upon  the  altitude  of  the  place  wh«T«  the  plant  is  situated? 
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CHAPTER  XVn 
MAGNETISM 

269,  Natural  and  Artificial  Magnets. — Certain  Iron  ores 
^*^)iigly  littTMi't.  Hiimll  piiTL-s  of  iron.  A^  the  fii'sl  known  IxxlieH 
piJaseasinK  this  property  came  from  Mugnesin  in  Asia  Minor,  the 
t*Poekfi  calliti  thorn  magnets.  By  sprinkling  ii-on  filings  over  a 
niagnet  it  is  found  that  the  pi*operty  of  attracting  iron  is  not 
•MUfomi  over  the  surface  of  the  magnet.  On  eiich  speeinicn  there 
^  two  or  more  spots  at  which  the  force  is  much  gi*<?jiter  than  t>vor 
the  n'uiaiiuier  of  the  surface.  These  small  areoH  are  termed 
^ftognettc  poles. 

If  u  magnet  of  two  poU«  be  deliciitrly  suKponded  so  tliat  it 
can  easily  turn  al->out  a  vertical  axLs,  it  will  usually  turn  till  the 
line  joining  its  poles  lies  approximately  north  and  Koulh.  Tlie  pole 
dipectwi  toward  the  north  is  called  the  mtrth-scrhintf  pole,  and  the 
pole  whieli  timis  towani  the  south  is  called  the  muth-sn'kifig 
pole.  Thc«c  names  are  commonly  abbreviatcil  as  Jiorlh  pole  and 
^mlh  jHfle. 

A  magnet  mounted  so  that  it  can  ciisily  turn  about  a  vertical 
is  called  a  magnetic  compass.  The  magnetic  poles  of  the 
rth  toward  which  a  oompjiss  points  do  not  cr>incide  with  the 
geographical  poles.     There  are  places  at  which  a  compiisri  points 

^f  west  nr  even  south.     At  one  of  the  magnetic  poles  of  thr 
h,  a  freely  su^pendetl  magnet  will  stand  vertical. 
Artificial   magnets   can    be   prf>duced    by   bringing   pieces   (f 
iron  or  steel  into  contact  with  a  magnet.     In  the  case  of  soft  irtm 
magnetic  effect   is  soon  lust,   especially   if  the  specimen   be 
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ilroppod  or  stnick.  But  (lie  mjignotmm  imparted  to  hardened 
st(H»l  poreists  even  tiiounh  the  spociinon  be  roughly  handled.  A 
nuignetizt^d  piece  of  soft  iron  is  called  a  temporary  magnet.  A 
niiignetize<l  piece  of  hardened  steel  Ls  called  a  permafienl  nwgnd. 
If  a  n»at?net  Ix^  heat(xl  to  alx>ut  785**  C.  it  will  cease  to  be  mafr 
nctic.  (^on8e(|nently,  a  natural  magnet  cannot  be  forged  into 
shap(\  But  steel,  while  hot,  can  l>c  forged  into  any  desired  shape 
and  then  hard(^n(*d  and  magnetized.  For  this  reason  artificiil 
magnelM  are  connuonly  used  instead  of  natural  magnets. 

Tiio  tendency  of  a  magnetized  steel  ne«MUe  t^)  place  it«elf  north  and  soutb 
w:is  utilized  Ity  It^liftn  nuvit;aUn-H  uh  early  as  the  tenth  century.  The  earl; 
<ton^>as.s  consist (k1  uf  a  Ixiwl  eontaininf:  H<|uid  on  whieh  floated  a  cork,  to  whkb 
\vu»  attached  a  h(»rizontai  i-ircnlar  card  and  a  magnetized  steel  needle.  Thf 
ed^  of  the  card  was  divided  into  ''ih(>  ]>ointA  of  the  conipuaa."  On  the  cdp 
of  till!  containing  ]«>\vl  was  a  line  parallel  to  (he  keel  of  the  ship.  The  anglt 
tKitwren  the  keel  of  tlie  ship  and  the  meridian  was  indicated  by  the  mark  on  the 
card  coinciding  with  the  mark  on  the  bowl. 

260.  Magnet  Poles.  —If  a  magnet  ix»le  l)e  drawn  from  one  end 
of  a  thin  steel  rod  to  the  other  (»n(l»  a  magnetic  north  pole  will  be 
(leveh)iMMl  at  one  end  of  tlie  rod  nnd  a  sonth  pole  at  the  otbff. 
If  a  magnet  jx»le  1h^  drawn  from  one  end  of  a  thin  stcM?!  rod  to  the 
middle,  there  rais<Ml,  and  then  drawn  fnmi  the  oth<»r  end  to  the 
mi<hlle,  four  i>oh*s  will  l>e  <h»V('h)]>ed  on  th<'  nnl  -two  of  the  Nime 
sort  at  the  ends,  and  tw«)  of  lh<»  other  sort  at  the  middle  of  the  rod. 
The  double  p(jle  at   the;  middle  of  the  rod  is  calleil  a  consequent 

p4»l<'. 

The  straight  line  joining  (h<*  two  )>oles  of  a  magnet  is  called  the 
tmujHctic  axis  of  th(»  magnet.  Although  a  floating  niaicnet  vi). 
turn  until  its  Mxis  is  parallel  to  the  earth's  magnetic  nieridiBOt 
(he.v  is  no  tendency  for  the  entire  magnet  to  move  either  toward 
th(»  north  or  towanl  th(>  south.  Whence  we  conclude  tliat  the 
forc<'  acting  on  the  north  ])ole  of  the  magnet  ecpials  the  force  acting 
on  the  south  j)olc  of  the  m:ignei. 

Th<*  iX)sition  of  a  magnet  |>>le  can  be  determined  by  the  aidofi 
(h'lieately  piv<»t(»d  compass  niMnlle.  When  such  a  magnetic 
nee<Ue  is  bixMight  close;  to  one  end  of  a  bar  magntjit  it  will  pokiA 
toward  the  pole.    Tlic  lines  along  which  the  needle  points  when 
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it  is  pkieed  near  the  end  of  a  inagiiet  ink^reect  rn  a  region  which 
riiyv  l*n  of  sonic  size.  The  iiiHtcnct  polo  may  In*  thouKht  of  ns 
occupying  this  region.  A  niagiu'l  pole  miiy  be  ulniotst  a  point  or  it 
may  have  considerable  dimensions. 

261.  The  Constitution  of  Magnets.^Tf  a  magnet  of  two  p(»le8 
be  broken,  each  piece  will  have  two  poles.  Even  though  the  procef?8 
of  breaking  the  magnet  be  continuet!  till  each  fragment  is  of  minute 
dimcrL«ions,  each  friigmmt  will  have  two  ]>)les.  Consequently,  we 
hhicUkIc  that  magnetism  is  :i  prop^Tly  of  the  entire  moss  of  a 
fwaKnet  and  is  not  limited  to  the  poles.  This  suggests  that  iron 
Coiiaist*  of  small  particles  each  of  which  is  i\  magnet  of  Iwo  p<>li^, 
and  that  the  differeiici'  l>etw(*tMi  an  imm;ij<netized  nul  :in(l  a  rn;ig- 
'iotixc<l  rod  i»  due  lo  the  arrangement  of  these  minute  magneln. 

If  the  north  |>o1es  of  iiW  lliese  ininud'  irmgneis  \y)u\l  (oivard 

otjo  end  of  tiie  rod,  tlion  this  end  face  will  con.-^iyit  of  norlli  ptjles 

and  the  opposite  end  faec^  of  the  rod  will  eonsi.st  of  south  pole.s. 

At  any  cross-section  of  the  rod  hetwivn  the  cmU  tlicro  will  he  iH)th 

'^orth  and  south  poles  which  neutraUze  (me  anodier's  etTi'ct.      If, 

however,  the  minute  magnets  constituting  tht^  rod   ix>int   in  all 

**irpotinns.  then  at  every  puinl  of  the-  rod  the  north  and  south  jxjlea 

•^^ucighl>oring  nuignets  neutralize  theefTect  of  one  anuther,  and  no 

**lagnctic  poles  are  develop<Ml  on  the  rod. 

Thifl  oone<»ption  of  the  constitution  of  nxagnets  cjin  he  illus- 
*-tate<l  as  follows:  By  means  of  a  lile  reduce  a  s(<vl  niagiu^t  to 
^rnall  particles.  Each  of  these  filings  is  a  magnet  of  two  poles. 
Plaw  thi'se  filings  in  a  glass  tube  sto|i|«Ted  at  each  *^nd.  If  the 
Glirigs  Ik*  now  shaken  and  the  tuhe  sus]>'nded  }\v  a  fine  thread, 
there  will  t>e  no  tendency  for  the  tulx*.  to  poini  in  I  lie  norlh  and 
Oouth  direction.  BtJt  if  the  (uU-  l>c  stroked  from  emi  lo  end  with 
a  strong  magnet,  u»any  of  the  little  ste*'l  tilings  will  be  tuiiied  so 
that  their  north  poles  pouit  in  ttie  siune  tlirection.  The  tube  of 
(ihngs  now  has  a  north  pole  at  one  end  and  a  south  ]K>le  nt  the 
other,  and  if  suspended  will  w^t  itself  in  the  north  and  south 
direetion. 

262-  Force  Acting  upon  Magnet  Poles. — It  Ls  found  tluit  two 
north  magnet  pf>les  repi^l  one  another,  also  two  soutli  magnet 
polea  repel  one  another,  but  that  a  north  and  a  south  pole  attract 
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one  another.     That  is,  Bimilar  niagnet  poles  repel,  disRiuiilHr  poll 
attract. 

Let  the  force  acting  upon  magnet  poles  A  and  A'  be/i.     L4?t 
Iw  replaeinJ  by  another  magnet  pole  B,  and  let  the  force  acti 
up  Jii  li  and  X  Ix*  />.     Then  the  poles  A  and  B  are  said  to  have 
strengths  in  the  ratio  of  f\  to  /z.     Expressed  in  another  mann 
the  Htrefis  Ix-tween  any  given  pole  and  a  pole   X  varies  dire<'tl 
with   the  prile  strength  of  the  given  pole.     Likewise,   the  foree 
must  vary  directly  with  tlie  pole  strength  of  X.    Thus,  if  the  p<»le 
strengths  of  two  Lsolatetl  poles  are  mi  and  m2,  then  for  a  giv 
distance  Ix'twcH^u  iheui,  the  force; 

Foam  I  mo. 

For  any  two  isolat^nl  pf>l(^  it  Ls  found  that  the  stress  betwewi 
thexn   varies  inversely  with  the  square  of  their  distance  a 

That  is, 

F=c4 


where  r  is  the  distaneo  betvwcn  the  two  poles. 

So  long  as  the  iiiediuni  surrounding  the  magnet  poles  remains 
the  same^ — whether  this  medium  Ix?  air,  hydrogen,  keroeene,  Cl^| 
any  otier — the  stress  between  mafmetic  poles  depends  only  upoi^^ 
their  pole  strength  :in<1  upon  the  distance  Iwtweeri  them.      Conse- 
quently, the  above  experimental  facts  are  expressed  by  the  equation 


F-^ 


m\m2 


where  /i  is  a  factor  wliieh  depends  upon  the  medium  surround- 
ing   ^ht*   poles.     The   law   expressed   by   this   r»quation    is   calli 
Coulomb's  bw  for  magnet  poles. 

it  shtjuld  l)e  not<Hl  that  the  above  ecjuation  is  true  only  when 
the  two  poU's  fire  *>f  point  dimensions.     No  actuid  magnetic  pol 
is  of  point  dimensions.     Therefore,  in  using  Coulomb's  law,  r 
taken  its  the  distance  betwtn^n  the  points  of  application  of  the 
resultant  magnetic  forces  which  the  two  poles  exert  upon  any  t4 
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pole  pLicofi  ru-nr  them.  Thus,  if  in  Fig.  23S,  R  applied  at  P  rep- 
ncseuU  the  re.^-ultant  of  nil  the  for(x*s  acting  between  an  i>;olat^l 
U5?t  polo  n  and  the  magnet  pole  A/",  and  R*  applied  at  F*  represents 
the  resultant  of  the  magnetic  forces  between  n  and  the  various 


Fin.  238. 


bH  of  5,  then  the  distanee  between  P  and  P'  is  the  length  r 
.  in  Coulomb's  law. 

263.  Unit  Pole  Strength. — In  (Uil),  p  Is  a  factor  eharacter- 
iatic  of  the  medium  surrounding  the  magnet  poles.  For  any 
TTiodimn  its  value  will  deix'nd  upon  the  iiiagaitudeH  of  the  units 
adopt c*<l  for  force  and  pole  strength.  Sineo  UKwt  magnetic  experi- 
ments are  tx>nduet-ed  in  air  we  deJine  unit  pole  streiiKtb,  ii^  terms 
of  the  al»ove<*quatiou,  to  l»e  the  strength  of  a  rnagiu't  pole  sueli  that 
if  placed  at  a  distance  of  one  centimeter  in  air  from  another  equal 
pole,  the  force  acting  upon  them  will  Ix^  one  d>^le. 

From  this  detinition  of  unit  pole  strength  it  follows  that  in 
the  C.  G.  S.  sv*^tem  of  unites,  the  value  of  ^  for  air  Ls  unity.  Con- 
sequently, when  8urrounde<i  by  air,  the  force  acting  u|K)n  two  iso- 
lated poles  of  pole  .strengths  m\  and  m^,  separat^xl  by  a  distance 
r,  is 


F- 
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2G4.  Intensity  of  Magnetic  Field. — A  region  in  which  a  force 
would  act  upon  a  magnet  pfjle  if  placed  there  is  called  a  tnagnetic 
field  of  force.    The  region  alx)ut  a  magnet  is  an  example  of  a  mag- 
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netic  field  of  force.  It  will  l>e  shown  later  that  the  region  about  s 
conduclor  carrying  an  electric  current  is  also  a  magnetic  fieUI  of 
force. 

A  niHgnetic  fiekl  of  force  lias  direction  and  nuijjnitnde.  1 
positive  direction  is  taken  as  tliat  ii»  which  a  north  p(jlc  woiili 
tend  to  move  if  phtced  there.  A  line  which  at  e^'ry  ptAni  is  JB, 
the  direction  of  tlic  magnetic  field  al  thai  point  is  a  magnelic  li 
oj  force.  In  flu^  region  alxiut  a  nuitnietr  tiie  lineti  of  force  extern 
fi'uin  the  north  piilo  to  th«'  smith  iJnK-.  The  ratio  of  the  force  ^»i 
that  would  act  upon  a  ma^!:netic  i>ok'  placed  at  any  driven  point  in* 
ni:ipnetic  field  lo  the  stnMiKthofthitt  pt»!e,  mi, is  called  the  intensity 
of  the  luatiiK'tic  tield  al  tin*  ^iveii  p^MJit.  Thus  the  intensity  of  th*^ 
maKue'ic  fieUl  is  jjiven  Ly 

i/=  — (1 
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Hence,  the  nuiKuetic  intensity,  or  field  strength,  is  numerically 
equal  to  the  force  that  would  act  upnn  a  unit  pole  placed  al  tl^H 
given    point.     lntcn.sity    of  magnetic  field  is  cxpre:a3od  in  dyn^^ 
per  imit  pole.    An  int<^nsity  of  magnetic   field  of  one  dyne  p(»f 
unit  i>ole  is  called  a  (jauss, 

A  ttiagnet  pole  of  fstrenn^th  m\  at  a  point  where  the  intensit.v 
the  magiietic  field  is  //  gausMtrs  is  acted  uixin  by  a  force  (163^ 
F  ^m\H  4lynes. 

A  magnet  j<i  field  is  .said  to  be  uniform  in  a  given  region, 
thmughout   that  region   the  lines  of  force  arc  parallel  and  the 
inlfusily  \^  ihr  snnie. 

265.  Magnetic  Flux. — The  product  of  the  mean  inieriKit> 
a  magni'tic  field  and  an  area  nonnal  to  the  dirt!ction  of  the  fi 
is  wdleil  the  mnrjmtic  flux  across  the  area.     Thus,  repit^'nting 
by  the  syudM)l  i^  tlie  magnetic  tiux  acniss  an  arcia  of  .1   square 
centimet^re  which  at  every  point  is  normal  to  a  magnetic  field 
of  a  mean  intensity  of  //  gausws,  we  have 
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The  unit  of  magnetic  llux  is  thellux  through  1  square  centime 
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perpendicular  to  a  magnetic  field  of  one  gauss  and  is  called  the 
maxwell. 

The  total  magnetic  flux  emanating  from  an  isolated  magnet 
pole  situated  in  air  will  now  be  deterniintKl.  Let  the  pole  be  of 
strength  m  and  let  a  sphere  of  radius  r  centimetci"s  be  drawn  with 
the  given  isolated  magnet  pole  as  center.  Then,  since  the  area  of 
this  sphere  is  A==47rr^  square  centimeters,  and  the  magnetic 
intensity  at  the  surface  of  the  sphere  is 

1^     m\\       mi      r- 

the  (otal  magnetic  flux  emanating  from   the 
surface  of  the  sphere,  in  air,  is 


Fkj.  239. 


4>[  =  A  H]  =— 7"*=4™  maxwells.       .     .     (165) 

266.  Representation  of  Magnetic  Flux  by  Lines  of  Force. — 
It  is  often  convenient  to  represent  graphically  lines  of  force  in  a 
magnetic  field.  In  order  that  such  a  representation  may  exprciis 
the  flux  as  well  as  the  direction  of  the  magnetic  field,  electrical 
engineers  use  the  following  convention. 

Imagine  a  surface  drawn  across  the  magnetic  field  at  evcTy 
point  normal  to  the  direction  of  the  field.  For  example,  if  the 
lines  of  force  of  the  field  are  parallel  and  straight,  this  surface 
would  \)e  plane:  if  the  lines  of  force  are  straight  and  radiate 
from  a  point  in  all  directions,  this  surface  would  be  splu;rical. 
Now  suppose  that  across  each  element  of  area  of  this  surface 
there  are  drawn  a  nimiber  of  lines  of  force  numerically  equal 
to  the  mean  intensity  of  the  magnetic  field  over  the  given  clement 
of  area.  For  example,  if  at  a  certain  part  of  the  surface  the 
mean  magnetic  intensity  is  x  dynes  ptT  unit  pole,  there  would  be 
drawn  through  that  part  of  the  surface  x  lines  of  force  p<^r  s(iuare 
centimeter. 

From  the  fact  that  a  unit  magnetic  field  can  be  arbitrarily 
defined  as  a  certain  number  of  lines  of  force  per  square  centimeter, 
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it  is  evident  that  a  line  of  force  is  a  purely  niatheniatical  concep^ 
tion  and  hiis  no  actual  pliysical  existence. 

In  t^Tins  of  the  convention  of  lines  of  force,  a  flux  of  x  m 
wells  is  expressed  as  a  flux  of  x  "  lines." 

267.  Magnetic  Induction. — When  an  unniagnetized  piece  of 
iron  or  steel  is  placed  in  a  nia-gnefir  field  of  force  it  will  beconie 
a  magnet.    The  photionicnon  of  a  IkhIv  I>ccj>ining  a  magnet  wh< 
place<J  in  a  magnetic  field  of  force  is  called  magnetic  induction. 

The  magnetic  field  tif  force  altoiit  the  magnet  is  the  residtani 
of  the  Ueid  tliat  existed  in  the  given  region  Ix'fore  the  introduction^ 
of  the  iron  and  the  field  of  force  due  to  the  ]>oles  developed  on  the 
newly  frjnueil  inafinet.  The  direction  and  magnitude  of  the 
reaiilhnit  magnetic  field  at  any  |M)int  can  Ix^  obtained  by  com- 
pounding the  two  conipt)nent  magnetic  fields  at  the  given  poini 
hy  the  ordinary  ]>ar!dle!itgram  law. 

By  cutting  the  piece  of  iron  into  two  pieces  by  a  section  normj 
to  the  residtant  externa!  magnetic  field,  separating  the  two  pu 
KUghtly,   an<l   exploring   the   space   between  tlie  two  pieces,  it 
foimd  that  a  magnetic  field  of  force  exists  within  the  magnet. 

The  magnetic  flux  per  imit  axea  of  cross-section  at  any  poiul 
within  a  piece  fvf  iron  is  junch  greater  than  at  the  same  point  in" 
space  l>efore  the  iron  was  introduci.'d.  The  magnetic  flux  per  unit 
area  at  any  point  within  a  body  in  a  magnetic  field  i^  called  th^| 
induction  density  in  the  body  at  the  given  point.  Induction  den- 
sity is  measured  in  gaiisses  ant!  is  usually  denote<l  by  the  s^^thImiI  B. 
The  magnetic  flux  per  unit  area,  that  is,  the  field  strength,  at  the 
same  point  in  air  before  the  sjietn'men  is  intn)dnced,  is  called  the 
mcignetizintj  field.  The  magnetizing  field  is  measured  in  gausses 
and  Is  tisually  denoted  by  the  s}nnlx>l  IL  fl 

268.  The  Induction  Density  within  an  Iron  Rod  in  a  Magnet- 
izing Field. — Hie  relations  l>c4\v(H^n  the  nwignetizing  field  //  and 
the  induction  density  B  for  three  specimens  are  represented 
F^ig.   240.     As  the  magnetizing    field    inerejises   from    zero,    t 
induction  density  of  silicon  steel  and  of  wrought  iron  is  incre 
very  much  more  rapidly  than  the  magnetizing  field  until  H  becomi 
about  15  gausses,  after  whicli  further  inci*ea.^es  in  //  produce  only 
equal  increases  in  B.     \Vlien  an  increase  in  //  prttduces  an  uicreaae 


269.  Orientation  of  a  Piece  of  Iron  in  a  Magnetic  Field. — 

If  a  conipiirts  nrcdlo  be  pliu'od  in  a  niJigTit'tic  field  of  force,  (he 
north  pole  will  bo  drawn  in  the  direction  of  the  magnetic  field, 
nnd  the  fionth  pf»le  in  tho  opposite  dirention,  tlurehv  r.iusinp;  tho 
conipui^  needle  to  set  itself  ptirullel  to  the  niugnelic  field  at  tho 
place  where  it  is  mtuated.  It  is  also  found  thiit  when  an  unnrng- 
netized  rod  of  steel  or  iron  is  pliK^ed  in  a  rn;iKnoti<;  fiold  <if  force 
it  will  U;aMno  a  njaRi^'t,  iind  lliat  if  thi^  indiieed  inapiot  is  free 
to  move  in  every  direction  it  will  turn  ttll  its  long  axis  is  in  the 
direction  of  tho  ninj^etic  field  at  the  plnvv  when?  it  is  sitiiatcfl. 

These  facts  are  in  accord  witli  the  siipjXM^ition  (.\rt.  2C1) 
that  uninaRnrtia-d  iron  consists  of  nnmito  imurnets,  the  axt« 
of  which  point  in  diverse  directions,  and  that  when  a  piece  of 
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unni^ignetized  iron  is  placed  in  a  mufjiiiotic  fiold  of  force  these 
uiiiiLito  niiiji^nols  arc  turned  iiUo  upproxiinutely  the  direction  of 
tlie  field,  tiiereby  tniuafonning  the  uninagnetizcd  iron  into  a 
uuigiiot.  In  teruis  of  this  ideti,  if  n  particle  of 
iron  consisting  of  two  minute  magnets  Ik.*  platinl 
witli  its  longer  dimension  at  rij^ht  angles  to  a 
magnetic  field  of  force,  eiich  minute  magnet  will 
turn  in  the  direction  of  the  fiehl.  The  forces 
between  tlie  poles  of  the  minute  uiapnets  will  now 
be  as  represtuitcd  in  Fi^.  241.  Those  forces  bjU- 
auce  and  tiiere  is  no  l>endency  for  the  axes  of  the 
minute  inaj^nels  to  be  turmnl  out  of  tlie  direction 
uf  the  niugnetic  field,  an<i  aiuscquently,  no  tendency  for  the 
specimen  to  turn  out  of  the  onginal  position  at  right  angles  to  the 
field  of  force. 

Su]»iM)se  the  iiartiele  of  iron  to  Ik*  placed  with  its  longer  dimen- 
sion inchned  to  the  direction  of  tfie  field,  if  the  minute  magnets 
turn  till  their  magnetic  axes  are  in  the  direction  of  the  external 
field,  Fig.  242,  the  forces  of  repulsion  between  the  two  pairs  of 
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similar  poles  will  he  equal,  but  the  forces  of  attraction  Ix^twcen  the 
two  paii-s  of  dissimilar  jwles  will  be  unequal.  This  will  cause  the 
two  minute  magneto  to  rotate  into  some  such  jjosition  as  that 
shown  in  Fig,  243.  When  in  this  position,  the  adjacent  poles  of 
the  two  minute  magnets  are  so  close  together  that  the  external 
magnetic  field  wiU  exert  but  slight  effect  u|K)n  either  of  them. 
Upon  the  two  poles  at  the  end  of  the  particle,  however,  the  external 
field  will  develop  two  forces  constituting  a  couple  which  tends  to 
cause  tlie  particle  to  turn  till  it.^  long  axis  becomes  parallel  to  the 
external  field. 
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Similar  reasoning:  shows  tliat  if  an  iron  rocl  of  any  size  be  plated 
in  a  magnetic  fieUI  of  force,  with  the  long  axis  of  the  nxl  inclined 
to  the  diiection  of  the  field,  then,  due  to  the  poles  of  the  tiny 
magnets,  each  tiny  magnet  will  lie  turned  and  held  in  position  with 
reference  to  the  otlu'i*s.  Free  niagnet  ]x>les  are  developed  towaid 
the  ends  of  the  rod.  RetwcH'ii  these  ]x>les  and  the  external  Tuag- 
netie  field  there  exist  forces  which  tend  to  turn  the  rod  till  its  long 
axis  is  parallel  to  the  direction  of  tlie  inaRnetic  field. 

270.  Mapping  Magnetic  Lines  of  Force  with  Iron  Filings. — In  tlip  preced- 
ing article  it  hufl  hi'vu  f*liowii  that  :i  ftmall  spociiiu^n  i>f  iron  pl(i(*<»(l  anywhori*  in  a 
magnetic  tifld  tends  l«i  set  itself  in  th(>  dirf^'tion  ui  (In*  line  nf  furrc  iit  tlu'  jzivon 
(K)int  This  fact  fiiniisIirH  a  very  convenient  nioMmd  fur  mapping  out  the 
\m<*s  of  force  in  a  magnetic  field.     Fig.  244  wiut  obtained  by  sprinkling  iron 
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a  sheet  of  paper  plawnl  ovor  a  bur  magnet.     While  falling  through 

air,  the  fiUngH  btM-nnii'  magnets  and  were  then  cosily  turned  into  the  diree- 
tion  of  the  magnetic  field.  Dissimilar  pole»i  attract  one  nnother,  thereby  caus- 
ing the  fiUngs  to  arrange  thcnis<^lvcs  in  stringi^  along  the  line«  of  force. 

Fig.  245  reprosrfnta  the  lines  nf  force  Ixitwcen  Jis.sinulur  piilea  of  two  bur 
magnets  placed  in  the  same  straight  line. 

Fig.  240  represents  the  lines  nf  fnrre  Ix?twecn  liiinilAr  poles  of  two  bar 
magnets  placed  in  the  pame  strriight  lino. 

Figs  247  and  24K  represent  the  lines  of  foree  about  a  piece  of  aoft  iron 
placed  in  a  mngnetic  tidd  that  was  uniform  before  the  advent  of  the  pit»ce  of 
iron. 
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271.  Magnetic  Screening. — ^A  comparison  of  Fig.  245  witli 
Pigs.  247  ami  248  bHows  that  when  a  pioco  of  soft  iron  ie  iiilro- 
duced  into  a  magnetic  field,  tliere  is  prcHiuccd  a  change  of  the 
magnetic  intensity  of  the  field  in  the  neighlxirhood  of  the  iron. 
The  region  whore  the  magnetic  intensity  is  diminished  by  the 
prcseaoc  of  a  piece  of  soft  iron  is  said  to  be  magrietically  screened. 

If  a  given   space   be  entirely   sur- 
rouudeti  with  a  thick  layer  of  soft  iron 
it  will  be  almost  complet^'ly   screened 
from  ext^Tnal  magnetic  influences.    Fig. 
249  is  an  iron  fihttg  map  of   the  mag- 
QCtir    field   in   the   neigliborhood    of   a 
hollow  iron  cylinder  situated  in  a  strong 
magnetie   field.     In  this  map  it  will  Ix; 
observed    that   the   iron   filings  within 
the  cylinder  exhibit  no  tendency  to  arrange  themselves  in  lines. 
This  shows  that  within  the  ryliuder  the  directive  force  is  very 
Miiall:     that   is,   the  magnetic  intensity   of   the    field   is   there 
neicUf^ble. 

272.  Magnetic  Permeability. — That  jiroperty  of  matter  to 
which  the  phenomenon  of  magnetic  induction  is  due  is  called 
magnetic  pennetibility.  The  magnetic  permeability  of  a  body  is 
moasurc^d  by  the  ratio  of  the  tna^^nitiide  of  the  magnetic  induction 
density  developed  in  the  body,  tu  {hv  intensity  of  the  magnetic 
field  producing  it. 

Thus,  if  when  a  given  substanee  is  [)lacod  in  a  magnetic  field 
of  intctLsity  //,  there  is  develo|x^<l  in  the  s^wcimen  a  magnetic 
induction  density  B,  then  the  magnetic  penneability  of  the  given 
EnaterialiB 

B 


M  = 


H' 


(166) 


It  should  be  kept  in  mind  that  H  represents  the  intensity  of 
the  magnetic  field  at  a  given  point  in  air,  while  B  represents  the 
magnetic  induction  density  at  the  same  piunt  in  space  when 
(M'cupied  by  some  given  suWtance. 

It  can  be  shown,  though  the  proof  will  not  be  here  given,  that 
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the  factor  ju  in  (161)  is  numerically  equal  to  the  magnetic  per- 
meability of  the  medium  in  the  magnetic  field  of  force. 

From  the  above  equation,  together  with  the  definition  of  H, 
it  follows  that  the  magnetic  permeability  of  air  b  unity.  Thb 
magnetic  pcrmcabiUty  of  iron  is  much  greater  than  that  of  any 
other  substance.  It  depends  upon  the  intensity  of  the  magnetis- 
ing field,  and  upon  the  purity,  the  temperature  and  the  previous 
heat  treatment  of  the  specimen.  For  example,  under  a  mag- 
netizing field  of  5  gausses  a  certain  specimen  of  iron  at  21**  C. 
had  a  permeability  of  2600;  at  SOO'*  C.  it  had  a  permeability  of 
2100;  at  775°  C.  a  penneability  of  1700;  and  at  785**  C.  a  pe^ 
meability  of  unity.  High-carbon  st«cl  is  unmagnetic  at  about 
680°  C. — that  is,  at  this  temperature  the  permeability  is  unity. 

At  the  same  temperature  and  under  the  influence  of  mag- 
netizing fields  of  the  same  intensity,  the  approximate  values  of 
the  permeability  of  certain  substances  are  given  beiow.  These 
values  vary  when  the  magnetizing  field  changes. 

Subfltanco  Permeability 

Soft  iron 2.500 

Mild  steel 2000 

Hiird  stwl 2.50 

Cobalt 225 

Nickel 200 

Heuslcr's  Alloy 33 

Air 1 

BiHinuth 0  99 

Almost  uU  sul>Kt-ancos  Iiave  a  magnetic!  p(»rnieability  of  nearly 
imity.  But  inm,  steel,  cobalt,  nickel,  manganese,  chromium, 
platinum  and  oxygen  have  a  i)crnieability  givater  tlian  unity,  while 
antimony,  lead,  zinc  and  bismuth  have  permeabiUties  slightly  leas 
than  imity.  No  substance  is  known  that  luis  greater  magnetic 
I>errnoability  than  iron,  nor  one  that  has  smaller  permeability 
than  bismuth. 

If  the  magnetic  permeability  is  different  at  two  neighboring 
points  in  a  magnetic  field,  a  magnetic  pole  will  bo  developed.  For 
example,  if  a  homogeneous  steel  rod  l)e  placed  in  a  magnetic  field 
a  pole  will  be  developed  where  the  magnetic  lines  of  force  enter 
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tlie  rod,  and  another  where  they  leave  the  rod.     Again,  if  there  is 
a  high-carbon  spot  in  the  rod,  there  will  t>e  a  jwle  at  each  end  of  the 

spot. 

Substances  of  nia^etic  permeability  greater  than  umty  are 
atlrat'trd  by  a  nuignct  jx>I('  and  arc  said  to  l>e  paramagnetic, 
Substancis  of  liigh  i)eniieability,  such  :is  iron,  cobalt  arid  nickel, 
are  strongly  attracted  by  a  magnet  pole  and  are  said  to  he.  ferro- 
nuign^tic.  Substances  of  permeability  less  than  unity  are  slightly 
repelled  by  a  magnet  ix)lc  and  ai'e  said  to  be  diamngnettc.  Bis- 
muth, phosphorus,  antimony,  water  and  many  gases  )>elong  to 
this  class. 

Subfltonccs  of  widely  difTcrent  inagiiftir  i>rriiii>iihiliticfi  can  be  He]>Ar:Lled 
by  mcims  of  nuigneUi.  In  thin  timnnor.  nuiKiK^tio  iron  ores  arc  commer- 
cially sp|Miratod  from  ri>rk  A  thin  h\\cvX  n\  the  jnilvorizcd 
ore  fjiUs  in  front  of  a  nuuilicr  of  inii^nctK  mm.  Fig,  250. 
Till*  iiwti'mis  of  small  permeability  fall  vertically,  wliile 
the  substances  of  tugli  pcnncability  arc  drawn  to  one 
side  ;md  fall  into  a  separate?  receptacle. 

If  atopJ  Iw  gradually  heat-eil  the  size  of  grain  will 
}>e(x>iuc  minimum  when  the  dw*alt*stM;nt  point  in  reached 
tAn.  20'i>  If  now  the  teniiKTature  l*t*  cither  incret^scd 
or  nuuDtoined  cuiuttunt,  the  nize  of  the  grain  will  in- 
creuAP  Jiud  the  strengih  of  the  ma,teriai  will  dlrninuah. 
But  if  the  <ixvmi«ti  W  rivienclir*d  hy  [Oiia^in^  it.  into 
«»hi  oil  or  Wiit<?r  hj*  80*>n  as  the  der«U'si*ent.  |Mmit  is  nttuined,  the  hurdneMS. 
the  tinenwia  of  grain  and  Ihc  strength  of  the  Ppt'cinion  will  be  rendered 
;  permanent. 

8t*vls  containing  from  about  0.4  per  cent  to  0.9  per  ecnt  carbon  rea.se  being 
rerroniagiiet ie  and  iMTonie  paramagnetic  at  a  teniperatare  railed  the  Curio 
jMiiut,  which  practically  coincides  with  the  decjilescent  point.  Cousecjuently, 
for  Iheao  st^scla  the  correct  moment  for  tjuenching  nmy  he  readily  determined 


^^ 


Fic.  250. 


Vui.  251. 

bringing  aptvote*!  magnet  near  1  he  pioccfl  being  heat^Ml,  Fig.  2.51.  Until  the 
eorreel  temixirature  is  ntliiined.  the  magnet  jjole  wilt  U?  atlrartwi  toward  the 
pieces  of  r)t«(>l ;  but  when  the  proper  temiierature  for  quenching  is  reached,  the 
magnet  will  lie  horizontal.  If  ihe  steel  be  now  (luickly  quenched,  it  will  have 
the  finent  grniued  structure. 
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273.  Properties  of  Paramagaetic  and  Diamagnetic  Sub- 
stances.— If  a  hmI  of  irrm  ho  placed  in  a  nuiipictic  field,  magnet 
polL*s  will  hv.  (U'vo'opt'il  in  llie  iron  as  indicated  in  Fig.  '2o2.     If. 
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instead  of  iron,  n  piece  of  bismuth  be  used,  poles  will  be  develo] 
in  the  bistnutli  as  iudicateti  in  Fig,  253. 

If  the  magnetic  field  be  nniforra,  neither  the  iron  nor 
bisninlh  wil]  either  upproarli  or  recede  from  the  magnet.  But' 
if  the  iiuigtietie  field  he  iinuniforni  ius  in  the  al>ove  figures,  then 
the  iron  will  move  toward  the  stronger  part  of  the  field  while 
l\\v  bismuth  will  inove  toward  th(^  weaker  part  of  the  field. 

If  a  r<ul  of  iron,  free  to  turn  in  all  directions,  Ih»  placed  in  an 
ununiform  magnetic  held,  it  will  set  itself  paralli;!  to  the  dtr(^etiol^| 
of  the  field  at  the  plaee  Avhere  it  is  situate*!.      On  the  other  hand, 
if  a  freely  .su.sp<MKleii  ruil  of  bisniulh  he  placed  in  an  ununifuriu 
magnetic  field,  it  will  set  itself  perpendicular  to  the  direction  c^| 
the  fiekl  at  the  place  where  It  is  situated. 

\  rod  of  any   paramagnetic  substance  in  a  magnetic   fieldj 
(a)  t^nds  U>  set   itself    parallel  to  lh(^   direction  of  the  field, 
develo()s  within  itself  an  induced  fif!d  in  the  direction  of  the  ina 
netizing  field,  and  {c)  if  iki'  iiiugnelie  (ield  in  wliich  it  is  situate 
be  ununiform  the  rod  tends  to  move  in  the  direction  in  which  the 
.stn^iigth  t>f  the  fieM  iiicreji-s4\s  most  rapidly. 

A  rod  of  any  diamagnetic  substance  in  a  magnetic  field, 
tends  to  set  itself  i>eriMMidicular  to  the  direction  of  the  field, 
develops  withiii  itself  an  induced  field  in  the  direction  opposil 
to  the  magnt^tizing  field,  and  (t)   if  the  magnetic  field  in  which  it 
is  situated  be  ununiform  the  rod  tends  to  move  in  the  direcdo^f 
in  wliich  I  lie  strength  of  the  field  diminishes  most  rapidly. 

The  iM'bavior  of  a  substance  in  a  magnetic  field  depends 
not  only  upon  the  pi^rmeability  of  the  substance,  but  also  upon 
the  i>enneahility  of  the  suiTounding  medium.  A  mag;netic  sub- 
stance srls  itself  across  the  magnetic  lines  of  force  when  sur- 
rounded by  a  medium  of  greater  permeability,  and  parallel  to 
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the  lines  of  force  when  surrounded  by  u  uiediiini  of  leas  mag- 
netic jj^rmeabiiity.  For  example,  a  thin-walled  ^Xnstt^  tube  filled 
with  a  dilut^i  solution  of  feme  chloride  »UHf)eiided  in  a  concen- 
tmUii  s<:»lution  of  the  same  substaiue  between  ih*'  fM)le.s  of  a 
rtmmg  niu^et  will  net  itself  perj>niulirular  1t»  Ihe  lines  of  force; 
but  when  suspended  in  air  or  water,  the  tube  of  ferric  chloride 
wiD  set  it,K*'lf  parallel  to  the  lines  of  forre, 

274.  Heusler's  Magnetic  Alloy. — Although  manganese  antl 
aluzniniuiD  are  slightly  paramagnetic  vvixile  copper  ia  Blightly 
dianiagnetic,  an  alloy  consisting  of  25  parta  manganese,  M  alumin- 
ium and  61  copjier,  ban  a  magnt^tic  iM^nueabihty  of  38.  This 
suggests  that  magnetic  properties  may  not  depend  upon  the  atoms 
of  the  substance,  but  depend  upon  the  constitution  of  the  moU^ 
cuJes  or  groups  of  molecules  comprising  the  substance. 

276,  Remanence,  Coercive  Force  and  Hysteresis.— Tf  a  speci- 
men of  iron  be  placed  in  a  magnetic  field  that  can  be  altered 
in  intensity,  and  if  for 
each  value  of  this  mag- 
oetizing  field  the  mduction 
density  set  up  in  the  iron 
be  determined,  it  will  l)e 
found  that  the  induction 
density  is  not  unifttriiily 
proportional  to  the  mag- 
netizing field.  Conse- 
quently, magnetic  per- 
meability is  not  a  constant 
quantity,  but  it  de^x^nds 
upon  themagnetizingfield. 
For  instance,  starting 
with  a  specimen  of  un- 
niagntttized   iron,  suppose 

we  gradually  increase  the  magnetizing  field  and  determine 
the  ii»duction  density  in  tlie  iron  corresponding  to  various 
magnetizuig  fields.  By  plotting  tuagnctiKing  fiekls  ns  abscissas 
and  induction  densities  as  ordinate^,  we  will  obtain  a  curve  simi- 
lar to  ah,  F^g.  254.     Tliis  curve  shows  that  when  the  magnetizing 
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field  is  sufficiently'  small,  a  slight  change  in  the  value  of  the 
netizing  field  producer  a  great  change  in  the  induction  deiixit; 
whereas,  when  the  magnetizing  field  is  large,  a  ehange  in  t 
rnugnclizing  field  produces  a  smaller  change  in  the  inductt 
density. 

If  after  the  condition  represented  by  the  point  b  has  bee 
attained  the  magnetizing  field  be  gradnidly  rMuced  to  zero,  it 
will  be  found  that  the  magnetic  condition  of  the  iron  doet^  n 
retrace  the  previous  s^eries  of  values,  but  that  the  curve  po-onlin 
ing  li  and  //  has  the  form  be,     Thu.s.  while  imder  a  zero  m; 
netizing  field  this  particular  speeinien  hud  an  induction  density 
SOOO  gausses.     The  vahic  of  the  rc»sidual  induction  <lensity  wh 
the  niiignolizing  fieM  has  been  n»fitice*i  to  zero  is  called  resniimi 
tnagnetiHm  or  remau^nce.     In  the  figure,  the  remanence  correspon 
to  the  fiistance  ac. 

If  now  the  specimen  Ik?  subjected  to  a  gradually  increasd 
nuLgnctizing  field  in  tlie  opposite  direc^tion,  the  induction  deusi 
will  Ik»  reduced  to  zero  when  the  magnetizing  fi^Id  has  a  certai' 
value  which  in  the  c;i,se  of  the  a<'tual  sp<H'iineii  here  considenxi 
amounted  to  3  gausw^.      The  value  of  tlie  magnetizing  field 
quired  to  rednre  the  induction  density  to  zero  Is  caUed  the  ctfcrci 
force.     In  thii^  figure,  the  cfK'rcive  force  is  given  by  the  distan 
mi.     The  niagnitiide  of  the  reiiiauence  and  of  the  coi^rcive  fo 
depend  U]x>n  Ihc  quality  of  the  iron  and  also  upon  the  degree 
which  the  specinicn  hap  Irtvn  magnetized. 

Tlie  fact  that  when  the  magnetizing  field  is  zero  the  imlucti 
density  lias  not  become  zero,  and  that  not  till  the  magnetizi 
field  liiiH  Iwen  i*everst*d  in  direction  and  has  a  certain  finite  val 
will  Ihc  induction  density  U'come  zero,  is  dcscrilx*<i  by  the  state- 
ment that  when  iron  is  subjected  to  a  changing  magnetic  field  the 
change  of  the  imiuction  density  lags  Ivliind  the  change  of  the 
magnetizing  field.  The  lagging  itf  ihe  changi^  of  inductiim  de 
Bity  in  a  magnetic  substance  Ix'hind  the  change  of  magnetizi 
field  is  called  magnrtic  hysivrvffis. 

If,  aft-er  the  magnetizing  field  has  reached  the  value  rep 
sent4'd  by  d  it  Ix*  still  farther  incre.-ised  in  tlie  negative  <lir(H*ti 
the  curve  co-ordinating  magnetizing  field  and  induction  densi 
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wiD  be  of  the  fomi  de.     If  now,  the  inagjietizing  field  Ijo  decreased 

f/>u?ry,  the  induction  density  will  nol  hccDine  zero,  but  will  have 

the  vtilue  represented  by  a/.     In  furl,  Ihi'  intliiction  density  will 

not  become  zero  till  the  magnetizing  field  has  increased  in  the 

positive  direction  t<>  the  value  represented  by  ag.     By  gradually 

increuiiing  the  magnetizing  field,  the  magnetic  condition  of  the 

specimen  will  go  through  the  changes  represented  by  the  curve  gb. 

The  magnetic  condition  of  the  specimen  has  now  gone  through 

Acotnplet^  cycle  of  changes  that  may  be  reprcisented  l>y  the  curve 

ficdefgb.     If  the  magnetizing  field  ha  cau.sed  to  reixiat  the  abov< 

series  f»f  changes,  the  induction  density  will  go  tiirough  a  cycle  of 

values  ver>'  nearly  the  same  as  before. 

To  increase  the  induction  density  of  a  magnetic  substance, 
energy  must  Ix*  supplied.     When  the  imlucti(;n  density  dimin- 
ishes, etierg}'  is  liberatefl.     It  can  be  shown,  Iboiigh    the  proof 
^I  not  be  here  given,  tliat  to  carry  a  spiM'imen  through  a  com- 
plete cycle  of  magnetizati(m,  there  must  \>g  supplied  an   amount 
of  euerg>'  that  is  proiiortional  to  the  area  of   the  hyHkrc-iifi  loop 
licd*'fgh.     As  the  iron  parts  of  many  kinds  of  electric  machinery 
go  through  many  complete  cycles  of  magnetization  every  minute, 
the  knowleilge  of  the    amount  of    energy'  absorbed  due  to  hys- 
teresis  is   of  great   importance.     The   hysteresis  k^ss  per   cycle 
depends  npot»  the  rpmlity  of  I  lie  iron  and  upi>n  the  range  of  the 
magnetizing  field  to  which  it  is  subjected. 

QUBSTIO.NK 

1.  Steel  (Irillfl  while  l)eing  Uflod  in  (trilling  gas  or  water  wdla  become  mag- 
notizod  Wtial '»  tlie  cause  of  this  mapictiMii?  W'lmt  i*t  tin*  8ii[>iK)Ked  change 
iu  tlif?  ftrui-turc'  of  ihr  drills? 

2.  U  is  ffquircfl  to  ranke  a  magnet  with  both  ends  of  the  same  polarity. 
Sliuw  how  this  is  to  be  aoi^ompllshcd. 

8.  After  u  certain  Bt^wl  rod  Iuls  been  magnetized,  it  w  siLspended  by  a 
delicate  fiber.  bu(  the  rwl  exhiliitn  no  tendency  to  \fomX  in  a  north  and  t^oiith 
directinn.  Kxplnin.  If  tho  md  vccrv-  broken  at  the  niiddtn  and  earh  half 
separately  suH(H_Midr<l,  wiuld  it  >k;  ejqwcted  that  then  the  two  pieees  would 
bave  u  directive  tendency? 

4.  8hiiw  <<i)  that  when  Iwn  aimiiar  poles  are  bntURht  near  one  another 
eoi'h  p*i|e  is  weakened,  and  (61  that  when  two  opiwwite  poles  are  brought  near 
one  another  each  pole  is  strengthened. 
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6.  Two  Imr  iimgnet*  arc  placed  in  line  with  one  another,  (a)  with  opposi**' 
polps  Kjwiird  one  luiothert  (b)  with  simihir  polw  njward  one  onothf^.  If  ll»*' 
dlsLaiicc  betwfen  Uw  uiagneU  lh  the  suuie  in  the  two  i-*:i«e«,  will  the  attraction 
in  ihi'  first  rase  be  greater  or  leas  than  the  rcpiilsinn  in  the  seoond  ease?     Wh; 

6.  Two  eqtml  bar  ina^ets  are  fastenwl  together  po  as  to  make  a  righ' 
angled  cross,  and  the  sy.stem  is  suspended  so  that  it  rjin  turn  freely  aVM>ut 
vertical  axis.     Find  the  direction  it  will  get  in  the  magnetic  field  of  the  earl 

7.  Two  circular  iron  riiiRS  arc  mapietized,  the  first  by  being  placed  bet» 
the  poles  of  a  strong  horst«hoc  magnet  ao  that  the  line  juining  the  poles  of 
magnet  w  a  dinineter  of  the  ring;  the  second,  by  having  one  pole  of  a  bar  m 
net  drawn  round  it  several  times.     How  do  the  magnetic  states  of  the 
differ? 

8.  Explain  how  it  is  that  although  a  compass  needle  is  rotated  by 
nirth's  nuigiietic  field,  there  is  no  motion  of  trimslation. 

9.  It  is  siLSf>ct'tod  that  a  magnctiKcd  bar  of  steel  has  consequent  poles. 
How  would  you  ascertain  whether  this  Ls  so  or  not? 

10.  If  a  bar  magnet  be  placed  inside  a  thick  iron  tul>o  ^lighlly  longer  than 
thr  magnet,  it  <l<»es  not  affect  cf>mpasa  nMnlU^  placed  outside  the  tube,  but 
plaiH-d  in  a  similar  brass  tube  it  ddcs  affect  them.     Explain. 

11.  What  fart  ]iroves  thjit  the  two  poles  of  a  magnet  are  of  equal 
opposite  strength? 

12.  If  t lie  north  pole  of  a  magnet  he  brought  slowly  from  a  distance  tow 
the  north  |k}1c  of  a  weakly  magnetized  compass  ni-Hxilc,  the  oompoas  needle 
will  be  at  first  slightly  reiM'iled,  but  later  when  the  magoet  is  oloaer,  it  will 
be  strongly  attracted.     Explain. 

13.  How  would  the  reudiug  of  a  compa£S  be  afTected  by  placing  it  in 
irr)n  box?     Explain. 

14.  SupptTsing  an  iron  ship  to  behave  like  a  permanent  magnet  with  ft 
weak  north  pole  at  the  Ixjw  and  a  weak  south  pole  at  the  stem,  explain  bow 
compass  on  IwKird  would  bo  affoetM  as  the  ship  swinj^  through  360". 

16.  A  long  horizfjnt-td  suit  iron  bur  Is  place<l  in  the  jixis  of  a  sliip  so  tli 
one  end  is  rlnsr  to  the  compass,  the  bar  Ij-inp  wholly  in  front  of  the  com 
needle.     \\'hat  effect  iVtva  this  have  »in  the  com|»ass?    D'Hw  it  make  any  diffi 
ence  whether  the  shi])  is  in  the  nort.heni  or  ut  the  soullu>m  hemisphere?    Wh^ 
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276.  Electrification. — As  early  as  600  B.C.  it  was  known  by 
the  Greeks  that  if  after  Uiiug  ia  eontuct  with  woolen  doth  a 
piece  of  amber  be  scporatwl  from  it,  the  anihor  will  atlniot  chiiff 
or  other  light  bodies.  Later,  it  was  found  thtit  t  lie  "  atnbfr  effect  " 
US  possessed  by  any  two  bodies  of  ditTcreut  material  after  having 
beea  separated  from  intimate  contact.  The  Greek  name  for 
amber  being  elcktron,  the  property  that  a  liody  acquires  on  being 
separated  from  intimate  contact  with  a  dinsiniilar  lH>dy  is  now 
called  eUctrification.  Electrification  is  cononvcd  to  tx>  due  to 
somctliing  called  electricity.  Of  the  ultimate  nature  of  elec- 
tricity we  know  very  little,  but  with  its  effects  we  are  more  con- 
versant, A  botly  tlxat  lias  l>een  electrified  is  said  to  have  acqinre<l 
a  charge  of  electricity,  or,  to  have  become  charged  with  elec- 
tricity. 

A  convenient  light  object  to  exhibit  the  force  between  elec- 
trified bodies  is  a  small  ball  made  of  the  pith  of  a  corn  stalk  or 
sunflower  stalk.    The  pith  bull  i.s  usually  sus|x"nd(Ml  by  a  silk  fiber. 

If  a  pith  ball  be  allowed  to  touch  an  cloctrified  body  it  will 
also  Ix^conie  electrified,  ami  will  in  turn  attract  any  uni'k^ctrified 
body,  e.g.,  the  hand.  After  being  t-ouche<i  with  the  hand  the  pith 
bidi  exhibits  a  weaker  attraction  ihnii  iH'forc.  This  is  di\s<nlH'(l 
by  sa>i.ng  that  the  electrification  of  the  pith  ball  has  been  partly- 
lost-,  or  that  the  pith  liall  lias  been  partly  diacharged. 

If  two  unelcctrified  pith  balls.  suspfn<led  as  in  A.  Fig.  255,  lx^ 
allowtnl  to  touch  the  same  ckH^trificd  body,  they  will  afterward 
be  repelled  by  the  charging  iKKly,  as  shown  in  fi,  Fig.  255.  If  the 
charging  l)ody  Ih?  now  removed,  the  two  charged  pith  bulls  will 
be  seen  to  repel  one  another,  as  shown  in  C,  P'ig.  255.  This  shows 
that  two  bodiefj  chai'ged  in  the  same  way  rt^pcl  one  another. 
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Let  two  pith  balls  be  suspended  as  in  Fig.  256.     Let  the  onf? 
marked  a  be  charj^od  by  cnntact  with  an  olx>niU'  rod  that  Iias^ 
been  separated  frotii  fur,  and  lot  the  one  marked  r  be  ehargeJ 
with  a  glass  rod  that  has  bi«n  aeiwirated  from  silk.     If  now,  a 
glass  rod  that  has  been  separated  from  silk  be  brought  near  the 


Fn 


A    » 


<> 


B 
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two  ehar^^ed  pi(h  balls,  n  will  be  attracted  and  r  will  l>e  reiwlled. 
It  thus  apixniis  ihat  there  are  two  kinds  of  electrification,  one 
which  is  attracted  by  the  charged  glass  rod  and  one  which  is 
repv'llt'd  by  the  same  clmrK(H]  ^huss  md. 

^If  the  charged  glass  rod  in  Fig.  !25rt  b«»  i-eplaeecl  by  the  silk  with 
which  the  glass  md  has  been    nil)ln'(l,  it  will  l>e  found  that  tlie 
^^  ]>ilh  h;ill  n  will  lie  rc|>i']lo<i  from  the 

1^*^*>^  ^'^^^  **'^^'  *''^'  J'^^'^  ^^^^^  ''  Jittracted  to 

P       I      /P^^^^  ^^**^  ''^''^-      *'''^^  shows  that  l>oth  tiie 

I  ^  /  I  \  gla>w  ro<l  and  the  silk  from   which  it 

^^IJw-'  i  X^*"  hiLS    1  H'cn    scpiira ted    are    elect rificd 

ll^^S^,^      '--i^*  but  that  their  olectritications  produce 

I       ^*^^>s^— .  opiM)Rit^'  effects. 

:    .^Sk^.^.      i^i  \^  If  after  contact  and  separation, 

the  glass  n>d   and  the  silk  cloth  be 
^^^_  ^'^      brought    together  near  ;in  tincliargcd 

^^^H  ^  pith  bull,  it  will  Ih>  fouiul  that  there 

^^^P  Fia.  2fi6.  is  neither  attracti<»n   nor  repulsion. 

^^^  ConsiMjucntly   the  clmrge  on  the  silk 

"     cloth   is  equal  in   magnitude  to  Ihe  charge  on  the  gl.'uss  nxj,  but 
opjKJsile   in   kind.     From  this  fact  it  is  logical  to  call  the  charge 
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on  one  body  ix)siliv('  iiiul  lliat  on  the  other  ncj^ativc.  Beiijaiiiiu 
Fraiikliu  called  tlu^  rhiirgc  on  glass  afl^jr  separation  from  silk, 
poxiltvc.  Arui  siiu'c  his  time  physieista  Lave  conUnuet]  lo  use  thia 
iirbiimry'  i:uiivontit)iT. 

In  the  following  list,  any  subslatice  becomes  positively  eharged 
when  broxight  into  contact  \vi(U  and  then  separated  from  any 
atilistanc^  lower  down  in  the  series. 


I 


1.  Fur 

6. 

Cotton 

11. 

Ebonite 

2.  Wool 

7. 

Silk 

12. 

Sealing  wax 

3.  Ivory 

R. 

Tlie  hand 

13. 

Rosin 

4.  Quartz 

9. 

Wood 

14. 

Sulpliur 

5.  Glass 

10. 

Metjils 

15. 

GuttajxTtiha 

It  is  seen  that  any  substance  except  two  may  be  matle  either 
positive  or  nepitlive  by  pnuMMly  selecting  tlie  subslunce  willi  whit'h 
it  is  brought  into  coTitact  and  from  wliich  it  in  then  M'|>JiiaUHl. 
For  example,  ^ass  is  positive  if  nd/lM'd  witli  .silk,  but  negative  if 
rublwd  with  fur  or  wool.  It  should  be  noted  that  the  only  pur- 
|X>se  in  rubi>ing  is  to  produe(!  rlone  contact  ovei  a  large  area. 

The  previous  experiments  illus^trat^?  the  following  facts: 

1.  Any  body  can  be  electrified  by  separating  it  from  con- 
tact with  any  dissimilar  body. 
The  charges  develo{K'(l  \rhen  two  dissimilar  bo<Ues  are 

brought  together  and  then  separated  are  opfKisit-e  in 

kind  an^l  equiil  in  nmgnihule. 
A  iHniy  can  Im'  electritu'd  by  coiiia<'t  with  an  electrified 

body  at  the  expense  of  the  charge  on  the  latter. 
An  elect rifknl   ImmIv   bi'ciMnes   discharged   by   intimate 

contact  with  tlie  luirui. 
.5.  There  is  a  force  of  attraction  between  an  electrified  and 

an  unelectrified  body. 
Two  similarly  electrifi('d  Ixxlies  repel  one  another  and 

two  dissunilarly  electrified  bodies  attract  one  another. 
The  charye  on  glass  when  brought  into  contitrt  with 

silk  and  then  separateti,  is  arbitrarily  called  i>ositive. 


1 
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277.  Coulomb's  Law. — Suppose  that  we  have  two  insula 
metal  spheres  of  the  same  size,  one  of  them  eharged  and  the  otH 
not  cliargod.     If  we  cause  one  sphere  to  touch  the  other  we  sh 
find  that  both  are  then  ehar^cd,  and  that  tfie  charges  are  ei^ual- 
Each  one  has,  therefore,  half  the  charge  that  was  at  first  on  one 
thcni.     Proceeding  in  this  manner  we  can  obt-ain  charges  in  tl 
mtios  1  :  2,  1  :  4,  1  :  8,  etc. 

Hy  niea-siiring  the  forces  of  attraction  or  repulsion  acting  upon 
cliarge<l  s|)hcrc»s  of  diamctci's  small  compared  with  their  tlistances 
apart,  C'ouloinh  found  that  the  force  vanes  directly  with  the 
charge  on  each  sphere,  and  inversely  as  the  square  of  the  dis- 
tance lietwcen  their  ccnici*s.  And  for  any  given  medium  sur- 
rounding the  clmrgc<l  Ixxlies,  the  force  is  independent  of  all  other 
quantities.  If  the  medium  surrounding  the  chargeti  Ixniic^  \ye 
char»ged,  the  force  will  1k'  altertnl.  Denoting  the  charges  on  the 
two  spheres  by  qi  and  72.  antl  the  distance  between  centers  by  r, 
these  results  may  be  expressetl  in  the  form 


Whence 


/ 


whcr<!  k  is  a  ^ronstant  depending  ii|x>n  the  mediimi  surrouml 
the  IxKlics,     It  should  iu»t  be  forgotten  tlmt  this  (equation  la  accu- 
rutr  only  when  t!ie  cliargcd  Ixidies  are  very  small   comptired  wil 
tiieir  distance  apart. 

The  quantity  k  is  different  for  different  media.     It  is  calh 
the  "  dielectric  constant  "  of  the  medium  surrounding  the  char{ 
bo*iies.     The  (Hclectric  conMani  of  a  given   metlium  is  the  me-asui 
of  tliat  quality  of  the  medium  wliich  determines  the  magnitude 
the  force  at-ling  uptm  two  ch.nrped  iMxIies  at  a  given  distance  apai 
when   sunoiuideii  by  the  medium.      The  force  acting  ii|xin  t' 
charged  bodies  in  a  medium  of  high  dielectric  constant  is  smalls 
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llian  when  the  samp  charged  bodies    arc  in  a  medium  of  small 
(Ikiirtpc  constant. 

If  we  assign  a  numeriral  value  to  the  diele<?tric  constant  of 
w>mp  ^iven  medium,  the  iiuij^nitude  of  unit  charge,  that  is,  unit 
quantity  of  electricity,  can  be  obtained  from  (1(37).     The  dielec- 
tric constant  of  vacuum  is  taken  to  be  unity.     Remenibenng  this 
ponvention,  an  inspection  of  (167)  hIiowr  that  we  may  take  as  the 
unit  quantity  of  electricity  that  qtiantity  wliich  repels  an  equal 
(|uantity  at  a  distance  of  one  centimeter,  in  empty  space,  with  a 
force  of  one  dyne.     This  is  called  the  C,  G.  S.  electrostatic  unit  of 
charge. 

Taking  the  dielectric  constant  of  vacuium  as  unit  charge  per 
dyne  per  centimeter,  the  dielectric  ciinstant  of  air  at  76  em.  pres- 
sure is  1.0006;  that  of  auli)huric  ether  is  4.8;  ethyl  alcohol,  26.5; 
ebonite,  3.15;  glass  from  4  to  9 ;  mica,  6.5;  paraffin,  2.3;  shellac, 
3.1;   sulphur,  3.8;  waU^,  81;  metals,  infinity. 

Since  for  air  the  chelectric  coristant  is  so  nearly  equal  to  that 
for  empty  space,  it  is  customary  to  call  the  dielectric  constant  for 
air  iinify. 

278.  Electric  Field  of  Force  between  Charged  Bodies.— The 
fonrcs'  txjtween  charged  bodies  indicate  the  existence  of  potential 
energ>'  in  the  medium  between  the  bodies.  Tliia  potentiiil  energy 
may  be  attributed  to  a  state  of  oleetrio  .strain  tleveloped  in  the 
medium  by  the  charges.  Any  medium  capable  of  being  elcc- 
trirnlly  strained  is  called  a  diekdric. 

A  region  where  an  electric  charge  CTqjeriences  a  force  is  called 
an  electric  fitid  of  force.  An  electric  field  of  force  is  bounded  partly 
by  p*i«itively  and  partly  by  negatively  churned  bodies.  The 
pn»perty  of  an  electric  tiekl  of  force  which  gives  rise  to  a  mechan- 
ical force  when  an  electrified  body  is  bn^ught  into  it  is  called  the 
inie/i-Kity  of  the  electric  fiel<l.  The  intensity  e  of  an  electric  field 
at  any  given  point  is  tnensiired  by  the  ratio  of  (he  mechanical  force 
F  acting  upon  an  electrified  botly  situated  at  the  point,  to  the 
q  on  the  body.     Thus 


f  = 


(168) 
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Consequently,  intensity  of  electric  field  is  cxproaaed  in 
per  unit  charge. 

The  direction  of  tho  flcctriL-  lirkl  at  any  point  is  taken  to  be  tW 
direction  in  which  a  small  |x>3itively  char^re^l  Ixxly  would  tend  to 
move  if  placed  there.     A  line  drawn  through  an  electric  field  of 
force  so  as  to  Ijc  at  each  point  in  the  direction  of  the  electric  fiel( 
at  that  jxjint  is  called  an  electric  line  of  force  or  a  line  of  elcdi 
strain. 

279.  Electric  Potential. — If  an   electric  chai-gc  g  be  plac< 
in  the  DeighlK>rhood  of  a  charged  body  Q,  the  system  consisl 
ins  nf  the  two  rliai'gr-.s  and  llu^  iuterveninK  iiiediuin   will   popf^ess 
potential  energy.     The  magnitude  of  the  potential  energy  wi 
depend  upon  the  point  at  wliich  the  charge  tf  is  placed  relative 
Q,     The  point  a,  Fig.  257,  differs  from  b  and  r  in  that  the  potent 


© 


a 
Fio.  257 


energ>'  of  the  system  would  ha\e  diffeient  niajcnitudes  if  a  giv< 
charge  were  placwl  at  a,  b  and  r.     Thus,  earti  |K>iiit  in  the  rejjion  ol 
a  charged  I^ody  jkjs.sck'^^'.s  a  certain  quality  which  is  measured  bj^_ 
the  change  in  the  potential  energy  of  the  electric  system  producojH 
by  placing  a  ^iven  charge  at  tlie  p(»int  in  i|ue,slion.     That   char- 
acteristic of  a  j>f>int  in  the*  regiuiriif  a  charged  botly  or  system 
bodies  by  virtue  of  wliich  potential  energy  is  given  to  the  sj-ste; 
when  a  unit  positiw  i-hurge  is  placed  there  is  called  the 
potefilint  at  tlie  given  point. 

If  a  small  body  elect  rificd  with  a  unit  positive  charge  be  brought 
into  the  neighl>^lrh^_K^d  of  an  isjolatcti  ()o,sitively  charged  Kiody  llu*inr 
will  be  a  force  of  rc|*u]sion  acting  upon  the  two    l»odies;    or,  if 
brought  into  the  neighlxtrhood  of  an  isolated  negatively  cliargt^l 
body  there  will  be  a  forue  of  attraction  acting  ui>on  them.     In 
either  ease  the  force  acting  upon  the  two  <'harge<l  Inxlies  will  1h« 
zero  when  they  ai'e  separated  fiy  an  infinite  distance.     AVhen 
tliis   i>osition   the   potential   energy  of   the  system   etpials   u 
Consequently,  at  a  point  at  an  infinite  distance  from  a   char; 
body,  the  electric  potential  may  conveniently  l;e  tukon  as  aero. 
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Ecun.;  the  magnitude  of  the  electric  potential  at  a  given  point 

<^iiul.s  llic  runount  of  work  whirli  must  hv  dtmo  by  an  external 

agwit,  in   ranying  a  unit  p<.tsitivo   charpe  fniin  infinity  to   the 

pvm  point.     If  jKieitivo  work  must  be  done  by  an  external  agent 

in  mo\nnj;  the  unit  ]x>pitivo  fharpo  from  an  infinite  liistancc  to 

tJie  giveji  ix)int,  the  potential  at  this    point  is  said  to  be  high; 

if.  huwrver,  positive  work  must  Ih?  done  bj'  (he  external  agent  in 

Hioving  the  unit  p*^sitive  chrir^jc  from  tho  tcivon  i>oint  to  an  infinite 

(ILstaMcc,  llli'  potential  at  the  i^ivrii  jxiint  iti  said  to  ix-  tutr. 

Tlie  difference  of  electric  potential  between  two  jwints  u 
rui-a^unnl  liy  tlie  w(»rk  rt'e^iiired  to  nwva  a  unit  positive  charge 
from  one  point/  to  the  other. 

For  example,  if  100  ei-gs  of  work  are  recjuireti  to  move  a  unit 
positive  charije  from  a  ix>int  B  to  a  [Hiint  ,1  in  opponition  to  an  eloc- 
iric  fiekl  directetl  from  .4  toward  /i,  tla^  ditlen-ucc  of  potential 
between  A  and  B  is  100  ergs  per  unit  charge,  and  the  potential  of 
A  is  higher  thfin  thiit  ctf  /?.  If  10  uniLs  of  charge*  hiid  beiTi  moved, 
the  work  re<juired  would  have  1k»cii  10  times  as*  great,  but  the 
potential  diflfei-ence  l>etween  A  and  B  would ,  as  before,  be  100 
ergs  p<*r  unit  charge. 

In  general,  if  H'  units  of  work  are  r(Hiuircd  to  move  a  charge 
g  from  a  place  of  potential  Vh  to  a  place  of  potential  Va  in  opposi- 
tion to  an  electric  field  directed  from  A  tl^\vurd  /S, 


or 


W 


Vd^ 


(169) 

(170) 


The  electrostatic  tmit  of  electric  i>otential  is  the  erg  per  unit 
enlarge. 

280.  The  Practical  Zero  of  Electric  Potential.— AlthouRh  in 

mathematical  work  it  is  veiy  convenient  to  use  tis  the  7:010  of  elec- 

Itric  |x>tcntial,  the  ]X)tential  of  a  point  in  s]WK-e  at  an  infinite  dis- 
tance from  the  charged  Ixidy  or  sjTitem  luidcr  consideration,  in 
ext>**ri mental  work  it  Is  (piite  otherwise.  In  experimental  work 
it  is  eustomaiT  to  take  tlie  ch-ctric  i>otential  of   the  earth  ns  zero. 


( 


i 


rather  good  conductor,  the  potentials  at  various  points  on  it  will 
never  be  very  different.  And  since  the  size  of  the  earth  is  so 
great,  and  since  with  every  jKJHitive  cliarge  \vc  always  produce 
an  equal  negative  charge,  any  change  in  the  potential  of  the  earth 
due  to  iiny  charge  we  can  impart  to  it  is  almost  exactly  balanced 
by  the  presence  of  the  neighboring  charge  of  opposite  sign. 

The  use  of  two  zero  points  from  which  to  reckon  electric  poten*^| 
tial  in  different  cases  is  similar  to  the  usi'  in  heat  of  the  absolute 
zero  and  the  centigrade  zero  of  temijerature.     Since  in  expeji- 
mental  work  only  differences  of  j^wtential  are  usually  required. 
is  seldom  necessary  t<^  know  the  difference  Ix^tween  the  iM>tenti; 
of  the  earth  and  that  at  infinity.     As  a  tnatler  of  fact  the  difTei-em 
ia  great. 

Taking  the  electric  jHitentinl  of  the  earth  as  zero,  a  body  is 
said  to  be  at  high  }Mdcntial  when  on  Ix^ing  conncct-ed  to  the  wirth 
by  a  conductor,  pc^sitive  electricity  will  pass  from  the  body  to  th^H 
earth.  Shnilarly,  a  body  is  said  lo  be  at  low  potcniial  when  on 
being  connected  to  the  earth  by  a  conduct<jr,  positive  electricity 
will  pass  from  the  earth  to  the  body.  Since  the  earth  is  so  large 
that  its  potential  cjinnot  l)e  sensibly  altered  by  any  charge  that  we 
can  impart  to  it,  any  body  after  Ix'ing  connected  to  the  earth  will 
be  at  zero  potential  if  energy  is  not  sur>i)lied  to  it,  and  any  u 
charged  hoy\y  whicli  is  rlose  to  the  eaith  and  far  from  any  cha 
except  that  <if  Uu*  earth  will  also  b*»  at  zero  potential. 

281.  Potential   in   Space  due   to  Charged   Bodies. — Since 
positive  clinrge  lends  to  (Uftvc  I'way  from  an  isolated  jxisitivel 
charged  body,  points  near  nw  isolated  [xjsilively  cliargetl  Ixnly 
at  higher  potentials  tlmn  pcjintw  at  grtmt-er  distances.     And  since 
positive  charge  tends  to  approach  an  isolated  negatively  cha 
body,  points  near  an  is(jlaled  negatively  charged  l>ody  are  at  low 
potentials  than  pf>ints  at  greater  distances.    The  entire  region 
about  an  isolated  iM>sitively  charged  body  is  at  high  iwtential,  an 
the  entire  region  aljout  an  isolaied  negatively  charged  Uxiy  is  ai 
low  jx^tential. 

The  word  isolcUM  is  here  used  to  moan,  far  from  -auj-  other 
charge  and  far  from  any  nlher  r(mduct<»r, 

The  presence  of  an  electrified  body  affects  the  entire  region 


D 
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round  about  it.    A  high  potential  Ixxly  raises  the  potential  of  the 

whole  region  round  about  it,  raisiiig  to  a  higher  pot-ential    those 

points  near  the  body  than  those  jKjiiits  farther  away.     Similarly, 

the  entire  region  in  whit-h  a  low  potential  body  is  situated  is  at  a 

lower  potential  than  it  would  \k'.  if  the  IxmIv  were  not  present,  and 

thowf*  points  near  t.lie  low  potential  body  are  at  a  lower  potential 

tJuin  those  points  farther  away  from  it.     If  a  i>ositively  charged 

body  be  moved  from  one  point  to  another  it  raises  1  he  potential  of 

all  points  that  it  approaches  and  lowers  the  |iotentiaI  of  all  points 

from  which  it  recedes.      And  if  a  negatively  chargfHi  l)ody  be 

moved  from  one  point  to  another  it  lowers  the  potential  of  all 

pointii  that  it  approache^s  and  raises  the  potential  of  all  points 

from  which  it  recedes. 

If  there  are  a  number  of  charged  Ixuhes  in  a  given  region, 
each  produces  its  own  cfTect  upon  the  electric  potential  at  any 
given  point  independently  of  ihiy.  otlier  bodies.  For  example, 
when  alone,  the  positively  charged  \x)dy  A,  Fig.  258,  is  at  high  po- 
tential, but  on  l>ringing  a  low  iM)tc^ntiid  Inxly  L  into  the  ^  ^-^ 
neighborhood  of  j4,  the  potential  of  A  will  l>e  lowered  (+)  (  L*  ) 
and  the  pf»tential  of  L  will  be  raised.  If  the  low  poten- 
tial body  L  be  brought  nearer  and  nearer  to  A,  the  ^^ 
potential  of  the  latter  will  i)e  reiiueed  more  and  more.  It  may 
become  tero  or  even  '*  low.'*  Unles.s  L  be  brought  close  enough 
to  yl  for  a  spark  to  jump  across,  there  will  Iks  no  change  in  the 
magnitude  of  the  charge  on  either  bwly. 

282.  Flow  of  Electricity. — Tht;  [xjtential  energ>"  of  any  sys- 
tem tends  t-o  diminish  to  a  inininiuni.  Vtn'  example,  a  mass  tends 
to  move  from  a  place  of  higher  to  a  ]>la('e  of  lower  gravitational 
potential.  Similarly,  a  positive  charge  tends  to  move  from  a  place 
of  higher  to  a  place  of  lower  electric  potential,  and  a  negative 
charge  tends  to  move  from  a  place  of  lower  to  a  place  of  higher 
|tric  potential. 

lit  a  narrow  strip  of  aluminium  or  gold  leaf  BD,  Fig.  259,  be 
^attached  to  a  metal  rod  AC  as  shown  in  the  figure.  If  a  charged 
body  \yQ  brought  int^  cont.a4*t  with  .1,  the  Itiaf  BD  will  lie  defiect^Hl 
away  from  the  vcrticral  iK)sitif»n.  This  means  that  electricity 
has  been  Iransmittetl  along   the  rod   till  both   BC  and   BD  are 
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chained.     These  beiujc  charKwl  similarly,  the  movable  vaiA?  BD 

is  repelled  ami  (k-flectL^i  nwiiy  from  the  original  (Kwition. 

If  the  metal  rin\  AC  be  replaced  by  one  made  of  Kiilphur,.^^ 
glass  or  hard  rubl>er,  and  the  upper  end  be  charged  as  bcforet^J 
there  will  Ik*  no  deOection   of  the  movaljlo  vane  BD* 
Thia    m<?ans    that    electricity  is  not   traiiHiiiitted   by 
sul]>liur,  glass  or  hard  rubber. 

These  experiments  show  that  some  substnii(H»s  tran 
mit  elet'tririty,  and  other  subslancei?  do  not.    Subi^tanei 
that  trani^init  electricity  re-adily  arc  called  conduct>oi 
atid  fiibstance.s  that  do  not  are  called  uon-<*onduetoi 
or  inMulators,     Mi-tale?  are  good  conductore.     Air,  glj 
silk,  porcelain,  nil'lwr,  ."*uli)h»ir,  amber  and  shellac  ai 
Fio.  259.     go<Ml    irisulat(]i"s.     A  body  thnt  is  ni»t   in   iM>ntact   wil 
any  conduttor  is  yaid  to  bv  iiistilatt'il. 
If  two  points  at  a  difference  of  electric  potential  are  conned 
by  a  conduct<jr  and  no  enej-jry  enioris  the  system  from  outside,  a 
positive  rhargc  will  move  along  the  conductor  from  the  plaer  at 
higher  potential  toward  the  place  at  lower  potential.     Tliis  flow 
will  eontinue  until  the  eivtire  conductor  is  at  a  imiform  potent ii 
A  coittiitctor  nia>"  l>e  tiffined  as  a  body  in  which   a  difference 
potential  cannot  persist  unless  energy  be  supphcd  from  outsii 
A  flow  of  electricity  wliich  occurs  in  a  small  fraction  of  a  second 
called  a  discharge. 

If  two  points  maintained  at  a  constant  potential  difference 
connected  by  a  con<Im:tor,  the  flow  of  electricity  will  Ix'  stead)"^ 
The  rate  of  flow  of  electricity  is  called  electric  current  stremjtL^ 
The  strength  of  a  current  is  measured  by  the  quantity  of  el< 
trieit}^  which  parses  any  section  of  the  eondurtor  in  a  given  tin 
Thus,  representing  strength  of  current  by  the  synd>ol  /, 


(!■ 


This  equation  shows  that  the  C.  C,  S.  rUclTosiaiic.  unit  oj 
rent  strength  is  a  fidw  of  one  C.  G.  S.  electrostatic  unit  quantity 
of  electricity  per  second. 
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283.  Kezo-Electrification. — Some  ciystals  }>wome  electrirally 
ciuir^jrd  wlitMi  siil)j»M'li'(l  to.strcs.s.  Ttu^  pht'iiomcium  rHlltMl  piezo- 
elwtritioatiorx  (prcssiUT-clectrification),  is  oxhii>- 
M  by  boracitc,  ejuartz,  Uiunnalinc,  and  rs- 
IKvially  strongly  b\'  liochclle  salt.  If  a  crystal 
of  lUx'ht'lIc  siilt  Ijo  r{Hnpii\ss('tl  |K'r|MM»<licul;irly 

ihc  end  faces,  Fig.  2tiO,  th(^  two  end  faces  will 

churped  pcjsiiively  ami  the  e(|uut()rial  Kime 
negatively.  By  ap[)lyinK  a  tnniiie  about  the 
pnnci|)ai  axin  of  the  crystal,  charges  will  also  Ije  develoijed. 


Fig.  2tiU. 


t 


By  «|iplyirig  odiupreasion  ia  the  direction  of  the  principal  axis  of  a  cr>'i>tal 
of  Uocbelle  sjill,  A  M.  Nicolson  haa  obtained  oliargcs  of  200  electrostatic 
umt«,  and  |K>tcntials  of  1  66  Hectrostatir  units  [xt  kilogram  weight. 

By  iviitsiiig  a  uwdlc  attached  to  the  spring  coinprLi«<)r,  Fig.  260,  to  rest  in 
t^"*?  Kmove  of  a  graphdphone  disk  in  such  a  nimiiiLT  tfmt  the  truuHverse  motion 
of  tlvpnpcdle  erased  by  llie  rotation  of  the  di.sk  will  raase  slij^ht  torsions  of 
tlx'rrwtui,  charges  will  t>c  developed  which  vary  with  the  form  of  tJie  groove, 
tbit  p!,  with  the  souuil  which  produced  the  groove,  If  a  telephonu  receiver  be 
jo'iinl  to  the  electric  lijrminaLs  of  the  rrystal,  ihc  sound  recorded  on  the 
i^phoplioue  disk  call  he  rrprcxluced  at  a  distant  fioiiit. 

284.  Electrostatic    Induction. — Consider    the    effect    of    an 

dectrified   iKMly    uixm   an    insulated    (nu'liar^tui    iMmductor.     In 

fig.  261,  .4  and  li  are  two  metal  l>04lies  supported  on  ghiss  rods. 

Let  A  be  discharged  by  touching  it  with 

. /x^      the  finger.     Let  li  he  ncgativelj''  charged 

by  stroking  it  witli  a  piece  of  fur.     Since 

li  is  at  a  tiislanoe  from  all  other  charged 

bodies  it  is  at  low  jwlential.     And   since 

FiQ.  201  ^  '**  supported  by  a  non-conducting  rod, 

its  charge  remains. 

On  bringing  the  charged  bofiy  B  near  to  the  uncharged  body  A , 

but  not  touching  it,  it  is  found  (by  means  of  a  charged  pith  ball, 

for  cxa,niple)  that  the  body  A  has  become  positively  charged  on  the 

end  nearer  the  body  H  and  negatively  charged  on  the  end  distant 

from  5.     About  an  iulerniediate  zone  the  (diarge  is  zero,     it  is 

found  that  the  longer  the  \x)i\y  A,  and  the  nearer  the  body  ^4  is  to 

the  greater  is  the  magnitude  of  the  charges  on  the  two  end^ 
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Since  the  body  A  is  quite  inwilaUed,  no  ciukrge  hftft  bee 
ftdded  to  it  or  taken  from  it  daring  these  openlaoneL 
qoently  the  positive  charige  on  one  ezMl  b  eqtui]  in  tnagn 
the  negative  charge  on  the  other  end.  The  praduetioii  of  dectri- 
Bcation  on  a  body  by  the  iiierr  proximity  ol  an  electrified  body  V 
called  dedrotiatie  tndudwn  or  in/ficmcr. 

In  terms  of  the  idea  of  electric  potential,  the  caose  of  the  ptO" 
^n^*inn  of  the  charges  on  A  is  as  folkma:    The  preaenoe  of  tb^ 
low  potential  body  B  lowers  the  potesitial  of    the  whole  ear- 
roionding  region — points  nearer  the  body  being  at  a  lower  potext— 
tial  than  points  farther  away.     Thus,  the  poiential  of  a  point  ock 
the  end  of  .4  nearer  B  i&  made  lower  than  the  potential  of  a  puinc 
on  the  end  of  A  farther  from  B.    These  two  points  being  ooo^ 
nected  by  a  conductor,  a  positive  charge  will  flow  from  the  end  at 
higher  potential  to  the  end  at  lower  potcntiaL     The  charge  on  the 
end  farther  from  B  wUl  be  thereby  reduced  from  its  or^nal  zero 
value  to  ft  negative  value,  while  the  charge  on  the  end  nearer  B 
will  be  raised  from  its  original  zero  value  to  a  positive  value, 
should   be   noted,  (a)  thai   although  one  end  of  A  is  ehar>,i 
negatively  and  the  other  positively,  the  total  charge  on  .1  13  sti 
zero;   (6)  thai  after  the  momentary-  flow  of  positive  clkarge 
A,  the  electric  potential  of  il  is  uniformly  low  throuf^iotit. 

The  entire  body  ,1  iM'ing  at  one  potential,  and  tht<%  (Mtteal 
being  lower  than  that  cf  the  earth,  if  the  earth  be  conzKN^tetl  to  A^ 
a  positive  charge  will  flow  from  the  earth  to  A  and  the  magnitut 
of  this  charge  will  l»e  the  same  whatever  point  of  .1  be  joine<l  In  Ihi*' 
earth.     If  the  connection  between  the  body  .4  and  the  earth  be 
broken,  and  the  body  B  then  removed  to  a  distance,  the  body  A 
will  be  left  positively  charged. 

The  chargetl  body  B  and  the  uncharged  body  .4  tend  to  ap- 
|iroach  one  anotlier  because  the  force  of  actraetion  between  B 
and  the  nearer  end  of  -4  exceeds  the  force  of  repulsion  between 
and  the  distant  end  of  .4-  Tliis  is  the  cause  of  the  attract!' 
between  a  charged  body  and  any  uncharged  body.  As  there 
a  greater  separation  of  charges  on  a  good  conductor  tlian  on 
poor  conductor,  good  conductors  are  more  strongly  attracted  th 
poor  conductors. 
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The  (met  thai  good  couductors  iiro  more  strongly  attracted  by  &  chargod 
body  than  are  poor  conducUirs  ia  the  basis  of  the  elei'trucitatic  methud  uf 
separating  mctAllie  particles  from  pftrticlra  of  rock.  CruMhoii  ore  drops  from 
a  hopp«'roiilo  a  rotatinp  drum  and  thence  falls  in  a  thin  shoot  in  front  of  a 
liighly  fiiArged  U)dy  Q,  Fig.  202.  The  poorly  mndui;!ing  piirlidea  are  but 
altghtly  defitft'ted  by  t!io  dmrged  body  whereas  thu  (*on<liiPting  particles  are 
drawn  to  one  side  and  fall  into  a  different  rhuto  Tn  ronjver  any  metallic 
partirlea  wliirh  nmy  be  still  with  the  iKwrly  conducting  mutorial,  the  toilingn 
are  subjected  lo  ;n.'v*'rul  r«i>elitious  of  the  at»ove  action. 

28S.  The   Gold   Leaf  Electroscope. — This  sensitive   tn8triiinent   for   the 
rf<?tei*tion  of  chorgeit  nnrl  the  determination  of  the  Hign  of  a  charge  consiata  of 
narrow  Btrip  of  gold  nr  alununiiini  foil  attached  by  one  end  to  a  raetjil  rod, 
[Fig.  263.     The  pjld  leaf  sliould  \h!  jjrotected  by  u  metal  case  provided  with  a 
window      The  ro<l  is  separated  from  the  raAc  by  an 
inniilating  plug  of  sulphur  or  amber.     On  cliurging 
the  upper  ciid  of  the  rod,  cither  pasitjvely  or  nega- 
tively,   the   rod  and  the  leaf  will  l>ctoriio  piniilarly 
tharged  and  the  gold  leaf  will  recede  fnim  tlicnid 
If  the  rhnrge  lie  increased,  the  <lef1ection  will  brcorao 
gHMiter;   if  I  he  charge  be  decreased  the  deflection 
will  become  smaller 


Fio.  262. 
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The  gold  leaf  is  so  fmil  that  ii  would  I>c  broken  if  the  instrument  werfl 
rooglv  churged.  For  this  reason  it  is  never  charged  by  bringing  it  into 
t4M!t  iritli  u  chnrge<l  glass  or  hard  rublK'r  rod 
To  cluirue  an  electrowroiH*  nogativHly,  a  gla.ss  rod  that  has  been  Rcpara ted 
toni  nik  \H  brought  toward  tlie  iufitrument  'Hh*  whole  region  tdxait  the  glass 
twi  iK'ing  at  high  potential  (Art.  2S1),  the  elcctrtwcoiw  in  now  at  a  higher 
pntential  than  the  (^rlh.  On  touching  the  instrument  with  the  finger,  the- 
jiuntniTneii  t  and  tlio  earth  will  bo  joined  by  a  conductor.  Since  a  difTcrcncc  of 
cutini  ramiot  itentiHt  on  a  conductor  imlrss  energ>'  be  euppliod,  a  positive 
'■vA  tlow  from  tl»o  eIectroBcoi>e  to  the  earth  until  the  potential  of  tho 
n«*  i^  that  "f  the  earth.  Since  a  positi\'e  charge  has  left  the  pro- 
Viou  rircil  clcctro«coi>e,  the  instrument  is  now   ncKMlivcly  charged.. 

If  li.i  .    rcuiiived  frf^ini  the  elect rosco;>e  wtthoul  inuving  the  gbvss  rod, 

[the  e|ectrTi6rf.(ir  will  remain  al  xen*  potential  and  will  Ijt  charged  negatively, 
t  tlif  ruiij-ntial  of  the  electroitcopc  is  higher  than  it  would  be  if  the  high  po- 
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tential  glass  r*»d  wero  not  present.  If  the  glass  rod  now  be  removed,  ti 
potential  of  the  clcctroscopo  will  be  less  high  than  when  the  glaan  rod  wn» 
present.  Hence  the  elect roHcoric  in  now  at  Kiw  |x>t.enliHl.  And  afi  |>u«itive 
charge  left  the  previously  luiduLr^ed  elcctrosot^pe  while  connected  to  t 
earth,  the  instrument  is  now  negatively  charged. 

By  using  i\  htiu]  rubber  rud  ihat  luxn  been  .^eiKirated  from  fur  and  prooeedini; 
as  alxjve,  ar.  electro»i'0|>e  pan  l>e  charged  ffoailively. 

288.  The  Electrophorus.^Electrr^Htatic  induftion  furnishes  a  oonvcnital 
mcana  for  producing  charges.     The  eleptrophorua  consista  of  a  plate  of  cbonit*. 
sealing  wax  or  other  substance  low  down  in  the  electrostatic  aeries  fArt.  276). 
together  with  a  sheet  metal  cover  provided  with  an  insulating  handle     Oo 
stroking  this  plate  A,  Fig.  264,  with  a  piece  of  fur,  the  plat«  will  Vw  cliarg*^ 
negatively.     On  removing  the  fur  the  plate  will  bo  at  low  (wtential 


^  t^ 
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Fig.  •264. 
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If  we  bring  the  mncharged  rovpr  B  ru'itr  the  plate  A ,  Fig.  265,  the  rover  wiir 
become  of  low  potential.  And  if  the  plale  and  cover  do  not  touch,  the  charge 
of  the  cover  will  remain  zero. 

If  while  the  cover  ifl  near  the  plat^,  it  is  t/)uched  by  a  lx>dy  connected 
the  earth,  Fig  266,  charge  will  How  fn>m  the  aero  jwteiitial  earth  to  the  Ic 
potential  rover  till  the  cover  becomes  of  lero  potejitial.  The  cover  is  W 
positively  charged 

If  the  ronnerlion  with  the  earth  be  now  broken  and  the  rover  be  remoi 
to  a  distance,  the  potential  of  the  cover  will  not  be  so  low  as  when  the  pot 
was  in  the  nei^hhorhood  of  the  low  jwtentuil  plat^.     Therefure  the  ix)tenti 
of  the  cover  is  now  high.     The  rhargo  is  the  Rjimo   as    it  was   before   it 
removed  fn»m  the  neighborhood  of  the  plate. 

If  the  rover  be  now  brought  into  contact  with  the  earth,  electricity 
flow  from  the  high  potential  cover  to  the  zero  potential  earth  till  the  cover 
at  xero  potential.     The  cover  is  tir>w  uncharged. 

The  charge  and  the  potential  of  the  plate  A  are  the  same  now  as  they 
were  after  the  plate  wus  stroked  with  the  fur.     The  above  series  of  operBtioM^H 
can  be  repeated  indefinitely.     The  energy  of  the  high-potential  charged  cof<|^| 
in  Fig.  267  i«  due  to  the  work  expended  in  separating  the  positively  charged 
oovcr  from  the  negatively  charged  plate  in  Fig  266.  ^^ 

287.  Electric  Capacity  or  Capacitance. — Lot  a  positive  char^l 
be  given  to  a  body  A,  and  an  equal  negative  charge  to  a  body  B, 


CAPACITANCE 

Thisia  equivalent  to  taking  u  positive  cliarge  from  B  and  giving  it 
1*1  A.  Tliis  prtM-'ess  develops  a  potential  fJifTerence  between  the 
bodies  with  .4  at  liigher  j>oteut  inl  tli^n  B.  If  the  charge  taken  from 
Bind  given  to  A  is  doubled,  the  potential  dilTerence  is  also  doubled; 
and  in  general,  the  pot-ential  difierenre  is  proportional  to  the 
cluu^  taken  from  one  body  and  given  to  the  other. 

Since  the  carrying  of  a  positive  charge  q  from  B  to  A  produces 
a  potential  difference  Va—  Vb,  proportional  to  9,  we  may  write 


C  = 


F^-V 


(172) 


where  C  is  a  constant  which  depends  upon  the  size  of  the  bodies, 
the  distance  between  them  and  the  nature  of  the  surrounding 
nwdiuin.  This  const^int  is  numerically  (^qua3  to  th(^  charge  that 
niual  be  carried  from  one  body  to  the  other  in  order  to  develop 
luiit  potential  difference  between  the  bodies.  It  is  called  the 
^tric  capacity  or  capacitance  of  the  system. 

Sometimes  one  speaks  of  the  capacity  of  a  single  body.  In 
tiiis  case  it  is  understood  that  the  other  body  is  the  wall  of  the 
room,  the  earth  or  something  else  at  zero  iTotcntial. 

288.  Condensers. — Lot  n  plate,  A,  be  charged  positively,  and 
tet  a  plate,  5,  be  charged   negntivoly.     If    the    two  plates    are 
far  apart  the  charge  on  either  of  them  produces  little  effect  on  the 
potential  of  the  other.     But  if  thpy  arc  bn>ught  close  togcttierj  the 
negative  charge  on  B  lowers  the  potx?ntial  of  A  and  the  jKjsitive 
cliarge  on  ^1  rai.s<»s   the    potf^nlial   of  H.     Hence  the  difference  of 
potential  between  the  plates  is  much  snniUcr  than  when  the  plates 
are  far  apart.      It   follows   (172),    that   the  capacitance  of  the 
system  is  nuich  greater  when  the  plates  are  close  together  than 
when  they  are  far  apart.     In  other  words,  when  the  plates  are 
close  together  a  much  larger  cliarge  can  be  carried  from  one  to 
the  other  without  producing  a  great  potential  difference  between 
them.     The  terra  electric  condenser  is  applied  to  an  apparatus  con- 
sisting of  two  conductors  insulated  from   one  another  and  so 
arranged  that  a  large  charge  can  lie  carried  from  one  to  the  other 
without   the  [Kiteutial  difference  between  the  conductore  being 
greatly  changed. 
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The  electric  capacitauce  of  a  coudcnser  is  numerically  equal  to 
the  mnii}>er  of  iinils  of  clinrKf  tluit  must  bo  coTimiunicul^d  to  one 
conductur  in  tmk'r  Uiat  the  dttfurence  in  potential  between  the  tvo 
conductors  may  change  by  unit  amount.     The  cap)acitance  of  ^^^^M 
electric  condenser  depends  upon  the  area  anil  shape  of  the  con- 
ducting surfat^os,  their  distance  apart,  an<t  upon  the  nature  of  th€5 
intervening  dielectric.     In  order  that  a  condenser  may  have  greai^H 
capacitance,  the  area  of  the  conducting  surfaces  should  be  large^ 
and  the  distance  between  these  surfaces  should  Ijc  small. 

By  the  electric  capacitance  of  a  condenser  one  does  not  meam 
the  greatest  (jiiantity  <if  eleetricity  i!  can  hold.  The  jjR»atest 
quantity  of  eleetrieity  that  can  Ix^  itnjmrted  in  a  condenstT  de- 
pends not  only  upon  its  electric  capacitance,  but  also  upon  th^| 
alHlity  of  (h(^  Hubstatiee  between  the  (MHiduclofs  to  resist  bein^ 
punetined  liy  an  electric  disehurge.  The  iustruiiieut  is  railed  an 
electric  condenser  l)ccause  a  considerahlc  cliargc  can  Ijc  impai 
to  it  with  an  expenditure  of  but  a  small  amount  of  work. 


I  an 
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Cundensora  usually  poiisist  of  a  p'\Ut  uf  thin  rnetal  shoots  scpamted  by  a 
layer  of  stit.»L't  mkni^  ininifTiiuHl  paper  or  glaw*  The  aUemiile  metal  shceta 
joined  together  coristituto  one  condiiet*)r,  while  the  other  metal  shoete  joined 
together  constiliili^  Ihn  other  cfjiKiuclor.  Large  eommercial  oondcnscra  arc 
also  made  by  enclosing  the  luctul  sheets  separatoJ  by  ihm  spaces  in  a  etroug 
tank  filled  with  air  under  a  preiwurc  of  20ft  rjr  more  iK>muis  weight  r>er  »(|iuire 
inch.  Tlic  wirhest  condenHcrs  were  made  in  I^yden  and  ronsisted  of  gUas 
jars  coated  with  tinfoi]  inside  and  outside  to  within  a  few  inches  frooi  t! 
mouth.    3uch  condenaers  are  still  used  and  ore  called  "Leydeu  jars 

One  ptirpose  for  whieh  condensers  are  used  is  to  aceumulate  a  gradually 
inereasing  fliargc  until  when  a  ccrtjiin  potential  diPfercnec  \a  attained  all  the 
aceumulated  charge  will  apark  across  a  gap  left  in  the  circuit  ^M 

289.  Specific  Inductive  Capacity. — Consider  two  conducting 
plales,  one  charginl  positively  and  the  other  negatively.     On  insert- 
ing a  sheet  of  UBcleetrified  gla^  between  the  plates,  no  change  \^M 
the  charges  is  produced.     But  it  will  1m»  found  iliat  the  potentia!!^ 
difference  Ix'tween  the  plates  ha*-*  U**mi  diminished.     Since  there 
is  a  diminution  of  (Va—Vb)i  and  no  change  of  5,  it  follows  frov^| 
(172)   tliat  the  capacitance  of  the  system  is  greater  when  the 
medium  1x4 ween   the  conductors  is  gliLss  tlian  when   it   is    air. 
That  quality  whereby  a  substance  introduced  between  the  coatings 
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A  eorwlenser  chanKes  its  electric  capacituuco  is  called  the 
inductive  capacity  of  the  substance. 

The.  ratio  of  the  capacitance  of  a  condenser  when  the  space 
between  the  coatings  ia  filled  with  a  given  medium,  to  the  capaci- 
tane«  of  the  same  c'ondeuaer  wlieti  tlir  s|>ace  between  the  coatings 
is  vacuum,  is  called  the  specific  inductim  cnpaciiy  of  the  given 
TTHNlinni.  Thus,  if  whi'n  the  space  lM»tw4»eu  the  plates  of  a  eer- 
toiji  condenser  is  filled  with  a  given  substance  the  ekn'tric  cajwici- 
taucc  of  the  system  is  represented  by  C«,  and  when  the  space 
l>etween  the  plates  is  vacuous  the  electric  capacitance  is  (\.  then 
tlie  magnitude  of  the  specific  inductive  capacity  of  the  given  sub- 
stance is 


Sp.  Ind.  Cap,= 


(173) 


The  specific  iiuluctive  capacity  of  a  metUuni    is  numerically 
equal  to  its  dielectric  constant. 

Questions 

1.  Two  bodies  are  nibbocl  togetlicr  and  tlion  soparni(Hi  It  is  found  that 
tbey  aiv  e!(?<^trifi<«l  Atid  havR  rtxcr^      What,  ia  the  »ourcc  <if  the  cncrRy? 

S.  Explnin  why  n  metal  Imll  suMpeiided  by  ii  silk  thn'nd  Vwtwwn  two  l>odie8, 
obc  of  which  is  chfugod  {Kiaitivcly  und  the  other  negatively,  6ivA  bauk  and 
between  the  bodiw. 

Given  an  electroscope,  a  tsliua  rod.  a  piece  of  silk,  how  would  you  pro- 
lo  test  th«»  **ign  of  dcetrifieation  of  an  unknriwn  charge? 

4.  An  unrharKod  conductor  is  bmuftht  ni*ar  mi  rii-4ulnti*d  positively  charfsed 
ttjndnrlor  What  change  will  be  producwi  in  the  field  of  (urcc?  What  fur- 
iImt  ehnniP.'  will  Iw  pRHluced  if  the  first  Ixidy  is  connw^ed  to  the  earth  and  t.heii 
di»«innccted? 

5.  Af«tiniinK  ttiat  op|>oHit«1y  chiirKod  bodies  attTaci  one  another,  show  why 
any  rluuKcd  body  will  attract  an  uiwharpf^d  Im-mIv 

6.  Explain  why  an  iniliiil  repuUion  Ls  followed  by  an  nttraction  when  a 
etuiUl  conductor  with  u  cunttiderahlo  cliarjce  is  brought  jfr'idii.illy  near  to  a  large 

inductor  with  a  small  charKc,  the  charKos  Iwing  of  the  wune  sign. 
7*  A  [lerfvcUy  biKuhited  nnclectrificd  conductor  i»  brought  into  the  neigh- 
[bnrhood  of  an  clcrtrifie<l  bo<ly.     Wlule  in  thin  position  the  conductor  Ls  Bcpa- 
rvlMJ  into  two  fiarts,  and  the  two  parta  removed  from  the  neighUirhood 
Oncribe  the  electric  oonditiou  of  the  two  porta. 


372 


ELECTRICITY  AT  KEST 


8.  U  H  pooable  to  have  a  positive  and  a  negative  charge  on  a  ccmductor 
the  mtot  tizoe?    On  a  nnn-ctmduclor?     Explain      8how  how  a  body 
have  at  the  same  time: 

(a)  a  poailive  charge  and  be  at  lero  potential; 

(b)  a  n^ative  chargr  and  be  at  zero  potential;  ^ 

(c)  a  positive  and  a  negative  charge  and  be  at  hi^  or  low  potential 

9.  An  Molated  inmilated  metal  vessel  is  positively  charged.  An  uncharged 
metal  ball  supported  by  a  silk  thread  is  (a)  introduced  into  the  veasd  without 
touching  it;  (b)  then  connected  momentarily  with  the  earth;  (c>  then  re- 
moved to  a  distance.  State  the  changes  in  the  potential  and  in  the  charge  of 
the  ball  during  these  operatioos. 

10.  A  highly  po«iti\*ely  charged  body  in  gmdiially  brought  from  a  distanee 
toward  a  negutively  cliargcd  electroscope  without  touching  it.  State  and 
explain  the  phenoraejia  oVwerved 

11.  U  a  gold  leal  elei'truscojie  is  charged  negatively  and  a  ^an  rod  which 
haa  been  rubbed  with  silk  iff  moved  townrd  the  top  of  the  electroscope,  wliat 
^nll  be  the  effect  on  the  leaves?  U  a  piece  of  electrified  sulphur  is  brought 
near  a  negatively  charged  electrosroiie  and  the  leaves  diverge  farther,  is  the 
electrificatVm  of  the  sulphur  positive  or  negative? 

12.  Show  clearly  how  a  body  may  be  cliarged  poBitively  by  a  n^atively 
charged  Itody. 

13.  A  gold  leaf  electroscope  i8  charged  negatively.     An  electrified  body  is 
brought  near  the  knob  and  the  leaves  separate.     What  is  the  nature  of 
charge  of  the  body?     Explain. 

14.  In   c'lmrging  »n  ele<-tro8cope  by  influence,  why  must  the  finger 
removwl  l»cfore  iho  removal  of  the  rhargod  body? 

IK.  An  electroscope  poascases  a  churge  which  causes  the  leaves  to  remain 
divergent,  but  you  do  not  know  whether  the  charge  is  plus  ur  mini».     H 
would  you  deride  the  point  without  taking  any  charge  frum  the  elertroscc 

16.  Show  hnw  it  is  possible  U)  charge  an  uncharged  btwly,  (a)  poaitivel; 
(6)  negatively,  by  meuns  of  a  iwsitively  clmrged  body. 

17.  Assume  that  you  have  a  positively  charged  sphere  and  two  unc 
insulated  metal  vcsaclH,  "A"  and  "B."     Truce  the  changes  in  the  potcji 
and  the  charges  of  the  three  IxHlies  while  the  following  operations  arc  »u»v 
oeasively  jierformod:     (o)  The  sphere  is  placed  inside  "A"  without  contact; 
(6)  the  two  are  enclosed  by  the  vessel  "li"  without  contact;  (c)  "A"  and ''B' 
arc  joined  by  a  conductor;  (d)  the  contact  is  broken;  {e)  the  three  bodies 
separated;   (/)  "A"  is  joined  to  the  earth. 
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§  1.  FvndamerUal  Laws  of  Direct  Currents 

290.  The  Magnetic  Field  Surrounding  Moving  Electricity. — In 
1820  Oersted  observed  tliat  if  a  coinimfis  needle  l>e  near  a  current- 
carr>*ing  conductor,  the  needle  will  set  itself  ixTiH'ndiculiir  to  the 
line  from  the  needle  to  the  conductor.  In  1889  Rowland  per- 
formed an  experiment  which  showed  that  there  is  also  a  magnetic 
field  of  force  about  a  charge  fixed  to  a  n)latiug  non-coiiciucting 
di^k.  We  now  know  that  a  nia^etic  field  is  produced  when  a 
charge  is  moving,  and  also  when  tlie.  charge  is  changing  on  a  body 
that  is  at  rest.  A  magnetic  field  of  force  is  produced  wherever 
there  is  a  changing  electrostatic  fieltL 

The  magnetic  field  about  a  charged  particle  moving  through 
space  is  the  same  kind  of  a  field  lus  that  alM>ut  n  current-carrying 
conductor.  In  all  cases  the 
direction  of  the  magnetic 
field  aljout  a  moving  positive 
charge  l^ears  the  same  rela- 
tion to  the  direction  of 
motion  of  the  positive  charge 
itiat  the  direction  of  rotation 
of  a  wood  screw  bears  to  the  direction  of  the  advance  of  the 
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a 

screw. 

The  direction  of  an  electric  current  is  taken  to  be  the  direction 
of  motion  of  positive  charges.  Hence,  Ike  positive  direction  of  an 
dedric  current,  bears  the  samt-  relation  to  the  direction  of  the  surround- 
ing magnetic  field  of  force  IhtU  the  direction  of  the  advance  of  a  wood 
screw  bears  to  the  direction  of  rotation  of  the  screw.  This  is  called 
the  Right-hand  Screw  Rule. 
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Another  convenient  rule  for  remejiibering  the  direction  of  the 
magnetic  field  about  a  current-carr>'ing  conductor  is  the  soK-alled 
Right-hand  Thumb  Rulc^i/  orw  gnurps  the  mire  with  (A^  right 
haiid  so  that  the  thumb  points  in  the  rfi-n 
tion  of  the  current^  the  fingers  will  point 
the  direction  of  the  magtxetic  field. 

If  a  cunvnt  flows  through  a  w 
pa8sing  [xiriHMidii'ularly  through  the  phme 
of  the  pHiMT,  then  the  magnet  ie  field  uf 
force,  iiiap]M*<i  by  sprinkhng  iron  filings 
on    tlie    i>!iiH»r,   will   ix?   a«   sliown   in    Fig. 
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An  iron  filing  dijigrani  of  the  uiuji^Tietit!  field  alnnit  two  parallel' 
conductors  canying  equal  currents  in  Me  same  direction  is  given  in 
Fig,  271.     An  iron  filing  dingrani  of  the  magnetic  field  about  two 


y 
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parallel  condiii'tors  c^arryin^  equal  currents  in  opposite  directi 
is  given  in  Fis-  272. 

Tht^  direction  o^  a  curn-nl,  or  of  a  line  of  force,  is  conveniently 
represented  by  an  arrow.     When  a  current  or  a  line  of   force  is^ 
directed   away  from   the   reader,   and  ^M 

nonnal  to  the  plane  of  the  paper,  it  is     jf^\  ^^0^ 

represented  by  an  *, —  suggesting  the      v — y  n — / 

feathers   seen   on  a  retreating  an*ow.     Fig.  273.  Fro.  27^ 

When  nonnal  to  the  plane  of  the  paper 

and  approacliing  the  reader,  n  curren*  or  a  line  ui  force  is  repi 
seritcd  by  a  dot, — suggesting  the  point  of  an  approaching  arroi 
For  exiunplc,  the  directions  of  the  magnetic  fieUls  nbout  a  eondue-' 
tor  normal  to  tJie  i)lanc  of  tiie  paper  when  canying  current  away. 
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from  the  reader,  and  when  caro'ing  current  toward  the  leader, 
are  shown  in  Figs.  273  and  274,  respectively. 

291.  Solenoids. — Tlie  magnetic  field  of  force  near  a  Liirrent- 
earT3*ing  conductor  can  be  increuacil  by  landing  the  conductor 
into  a  cylindrical  helix  or  solenoid.  The  intensity  of  the  magnetic 
field  at  the  center  of  the  solenoid  is  proportional  to  the  nnndx?r 
of  turns  of  wire  per  unit  length  in  the  .solenoid.  .\n  mm  filing 
map  of  the  magnetic  field  about  a  solenoid  is  shown  in  Fig.  275. 

To  prepare  this  map  a  wire  wns  thrradcd  through  two  rows  of 
hole«  in  a  card  so  as  to  form  m  Molenuid  with  the  card  piUH-sing 
through  the  axis.  By  sprinkling  iron  filings  on  the  card  while  a 
current  was  Bowing  in  the  solenoid  there  was  produced  on  the  card 
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a  map  of  the  magnetic  field  in  the  plane  paswing  through  the  axis 
of  the  solenoid.  A  comparison  of  ihis  map  with  Fig,  244  shows 
that  the  magnetic  field  of  a  solenoid  i.s  the  same  as  that  of  a  bar 
magnet.  Some  lines  of  force  in  the  plane  of  the  card  are  drawn 
in  Fig.  276.  The  small  circles  represent  the  cross-sections  of  the 
wire  where  it  goes  through  the  card.  The  crosses  and  dots  in 
these  small  circles  indicate  the  direction  of  the  current. 

292.  Electromagnets. — If  a  bar  of  iron  bo  placed  within  a 
solenoid,  the  magnetic  field  of  the  current  in  the  solenoid  will 
magnetize  the  iron.  The  imiuction  density  in  the  iron  core  will 
be  /i  times  a.s  great  im  the  magnetizing  field.  Magnel-s  pro(hR'e4! 
by  the  magnetic  field  of  force  al>out  a  current-canying  conductor 
are  caUcd  eiedroinftgnrts. 

TTie  polarity  producttl  l>y  a  current  in  a  given  direction 
through  the  solenoid  <>an  l>e  lieteniuned  from  a  consideration  of  a 
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linp-of-forre  diagram  such  as  Fig.  27fi.  A  convenient  nile  is  the 
Thumb  Rule  which  ma^'  be  applied  to  a  solenoid,  either  with  iron 
or  not,  iiH  follows:  Gniiip  the  coil  unth  the  right  hand  so  that  the 
fingers  point  in  the  direction  of  the  atrrerU  in  the  wire.  Then  the 
thumb  mil  point  toward  the  north-seeking  pole  of  the  coil.  On 
applying  tliis  rule  to  Fig.  276,  the  rule  will  be  found  to  be  correct. 
Electromagnets  can  be  nuide  that  arc  much  more  intense 
than  magnets  produced  in  any  other  way.  If  the  iron  core  of  a 
solenoid  i.s  of  soft  iron,  its  nin^nctisin  will  l)e  i-educed  to  nejirly^ 
zero  when  the  current  ceases.  For  these  reasons  e!ectroniagneti^| 
are  extensively  useii  in  electric  IwIIr,  teleplioues,  telegraph  inntru- 
ments,  dynamos,  motors,  a.s  well  as  in  other  instruments  and 
macluiicH. 

293.  The  Simple  Electric  Telegraph. — Each  station  is  provided  with 
source  of  eleotrif  riiirent  R,  Fig.  277,  a  key  K  for  quickly  opening  and  closin, 

the  circuit,  a  switch  iS,  antl 
sounder  ronHlNting  of  a  s: 
rod  of  iron  pivoted  alwvc  an 
electronwignet  A .    The  figure 
represents  two  Ettations  joined 
hy  a  sinj^lo   wire.     The   cur- 
rent   returns     through     the 
earth.     E\  and  £"1  represent 
~    two   metal    plates  biu-io<l 
muiat     gniuud.      Wlien     r 
current     travcrHcs    the    lin 
the  pivoted  iron  rotb.  call 
"onnnturcfl,'*   arc    held    by   springs   againait   upper   9U\x»   n.s  shown  in  1 
figure.     When  current  truversos   the  line,  the  arniutures  are  pulled  against 
h)wej'  stops.     On   striking  either  an  upper  or  a  lower  Htop,  a  distinct  click 
IB  heard, 

While  the  line  is  not  in  use,  the  switch  at  each  station  is  kept  cloeed  an* 
a  current  traverses  the  circuit.    Suppose  that  the  operator  at  stAtion  -Y  dean 
to  communiciite  with  the  oiMTiitor  at  station    Y .     He  first  oiktiir  his  ^witcitj 
*Si  and  then  injkkcH  and  breaks  the  circuit  by  depressing  and  ralsinfr  the  keyi 
A'l.     Every  time  A'l  is  depressed,  the  sounders  are  tniversed  by  a  current  :uu 
each  armature  is  pulled  down  with  a  sharp  click.     On  i>ennitting  the  key 
rise,  tlic  circuit  is  broken  and  each  armature  is  |)ulled  by  its  spring  against  l1 
upper  stop  and  another  cUek  is  produced.     A  short  interval  between  (wo  eljcl 
is  called  a  "dot";    a  longer  interval  is  called  a  "dash."     The  various  letters  of 
the  alphabet  are  represented  by  groups  of  dots  and  dashes. 


atatUmX 


Station.  V 


m. 


Fi.i.  277. 


PROPERTIES  OF  DIRECT  CURRENTS 


377 


294.  Direction  of  the  Force  Acting  upon  two  Bodies  which  Give 
Rise  to  Magnetic  Fields. — It  is  fouml  that  two  unlike  magnet 
poles,  Fig.  27S,  are  urged  toward  one  another;  a  current^arrying 
conductor  and  a  magnet  arranged  as  in  Fig.  279  arc  urgwl  toward 
one  another;    and  two  conductors  with  currents  in  tlic  same 

8©  ®(D  ®®  ®® 


Fig.  278. 


Fiu.  270. 


Pio.  280. 
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direction,  Figs.  280  and  281,  are  urged  toward  one  another.  On 
the  other  hand  two  like  magnet  ixjIos,  Fig.  282,  arc  urged  apart; 
a  currentr^iarrying  conductor  and  magnet  arranged  as  in  Fig.  283 
are  urged  apart;  and  two  i!()nductt)rs  with  currents  in  opposite 
directions,  Fig.  284,  are  urged  aj>art.    From  an  insjwction  of  these 
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Fig.  282. 
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figures  it  will  hv  seen  tliat  each  body  ginng  rise  to  a  magnetic  field 
is  urged  from  the  side  where  the  component  fields  are  in  the  same 
directum  toward  the  side  where  the  corjiponcnt  fields  are  in  oppotnie 
directions. 

If  the  two  component  fields  are  perpendicular  to  one  another 
there  is  no  force  action.     For  example  there  is  no  force  acting  uyxin 
a  ctirrent -carrying  conductor   paralU'l 
to  a  magnetic  field,   Fig.   285.      But 
in  the  case  of    the    current-carrying 
conductor  not  parallel  to  the  direction 
of  the  magnetic  field   in   which  it  is 
situated,  Fig.  286,  there  is  a  force  on 
the  upper  side  pushing  the  conductor  downward,  and  a  force  on 
the  lower  side  pulling  it  downward. 

By  the  same  method  we  can  show  that  two  non-[)ara1Iel  cur- 
vtnt-carrying  conductors  tend  to  turn  till  the  conductors  are  par- 
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allel  and  the  currents  are  in  the  same  direction.  Thus  in  FigT 
287,  the  coni|K)iieiit  fields  boinj^  in  op|X)sitc  directions  within  the 
angle  axe  and  also  within  the  angle  dxbj  n  and  c  are  urged  toward 
one  another,  and  d  and  b  are  urjjod  towani  one  another.  The 
component  fields  within  the  angle  (urti  being  iri  the  same  directioUj 
and  also  the  eotnponent  fields  within  the  angle  cxb,  a  and  d  ar^H 
pushed  away  from  one  another,  and  also  c  and  b  are  pushed  awa^^ 


Fia.  287. 
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rom  one  another.     If  no  forces  oppose  Iheni,  these  actions  will 
continue  till  the  conductors  are  parallel  ai>d  the  currents  are  io^ 
the  same  du*ectioD.  fl 

296.  The  Electromagnetic  Unit  of  Current  Strength. — A  con- 
ductor currying  a  eurreuli  in  a  uiaguctic  field  l.s  acted  upon  by  a^ 
force  tending  to  push  it  sidowiso  except  when  the  conductor  i^| 
parallel  to  the  direrlion  of  the  fieUL     If  tlu'  magnetic  field  be  of 
unit  intensity,  and  the  du*ectiQii  of  the  conductor  be  ]>erpendicular^ 
to  the  direction  of  the  field,  the  force  acting  upon  unit  length  olH 
the  conductor  may  Ix*  taken  as  the  measure  of  the  current  flouing 
along  the  conductor.     I'sing  this  arbitrarj-  convention,  it  is  fuuiu^^ 
that  the  force  acting  on  a  current'-earrying  conductor  placed  pci^l 
pendicular  to  a  magnet io  field  varies  ilirectly  with  the  length  of  the 
conductor,  the  intensity  of  the  field,  and  the  current,     Tliis 
called  Ampere's  Law.     In  symbols, 


F^eifiL 
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where  c  is  a  constant  depending  ujwn  the  units  adopted  for  tl 
various  quantities.    We  have  already  adopted   the  d>-ne  as  th 
unit  of  force,  the  centimeter  as  the  unit  of  length  and  the  gai 
aa  the  unit  of  intensity  of  magnetic  field.     The  constant  c  will 
bec^jme  unity  if  we  adopt  as  the  unit  of  current,  a  currenl  strength 
of  such  magnitude  that  one  ceniittietcr  of  ilie  conductor  along  which  U 


I 
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fiaws  will  be  pushed  sidewisc  with  a  force  of  one  dyne  when  the  con- 
duetar  m  in,  and  perpendicular  to,  a  mngneiic  field  of  one  gauss. 

This  absolute  electromagnetic  unit  of  current  strength  is  some- 
times called  the  abampere.  As  the  abampere  is  a  rather  large  unit, 
curreuU  are  usually  ex])ressed  in  another  unit  just  one-tenth  as 
large.     Tliis  prociiail  unit  of  current  strength  is  called  the  ampere, 

296-  The  Electromagnetic  Unit  of  Charge. — The  absolute  elec- 
tromagnetic unit  of  charge  is  the  quantity  of  electricity  that 
passes  a  given  point  in  one  secont!  when  the  conductor  is  trav- 
ereed  by  an  abampcre  (171).  The  practical  unit  of  charge  is 
the  quantity  of  electricity  that  passes  a  given  point  in  one  second 
when  the  conductor  is  traversed  by  one  amjx^rc  of  current.  The 
practical  electi-omagnetic  unit  of  charge  is  called  the  coulotnb. 
The  coulomb  equals  3(10^)  electrostatic  unit-s  of  charge. 

Measurements  show  that  a  flash  of  lightning  is  associated  with 
about  30  coulombs. 

Questions 

1.  A  borixontal  iron  rod  is  to  be  mn[i:netizod  go  that  the  right  end  is  a  north 
pole.     Explain  fully  hnw  this  can  be  done  by  raeana  of  a  current. 

2.  A  wire  is  stretched  from  east  to  west  (magnetic).  How  can  you  teat 
whether,  and  in  what  direction,  an  electric  current  is  passing  through  it? 

5.  Explain  why  the  fUament  of  a  lamp  fed  with  alternating  current  wi!I 
oecillate  in  a  unifonn  magnetic  field. 

4.  What  ia  the  caase  of  the  increase  of  magnetic  field  when  a  piece  of  soft 
irot3  is  placed  in  a  c<Jil  bearing  a  current? 

6.  Would  the  currents  in  the  neighboring  turns  of  an  electromagnet 
attract  or  repel  each  other?     State  huw  you  would  foretell. 

6.  A  suspended  wire  is  carrying  a  current  toward  you.  An  isolated  north 
pole  is  placed  above  it.  Does  the  wire  swing  to  the  right  or  to  the  left?  How  do 
you  determine?  The  same  magnet  pule  is  placed  beluw  it.  Does  the  wire 
swing  to  the  right  or  to  the  left? 

7.  A  wire  hanging  from  a  hook  carries  an  electric  current  down  into  mer- 
cury surrounding  the  south  [mle  of  a  vertical  magnet.  The  north  pole  ia 
some  distance  below.  Draw  a  horizontal  crosa-section,  viewing  from  iihove. 
Sliuw  the  direction  in  which  the  wire  wiil  move,  and  tell  how  you  determine  it. 

8.  A  wire  hanging  from  a  hook  carries  an  electric  current  up  out  of  mercury 
auxTounding  one  jx)le  of  a  vertiiail  magnet  As  seen  from  ubovc,  the  wire 
rotates  clockwise  Wliich  pole  of  the  magnet  is  up|>ermo8l?  Ejtplaiu  clearly 
how  you  detenoiue. 
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9.  A  flexible  brush  pressca  against  a  pennanent  magnet  capable  of  rotaUoi 
Fig.  2S9.     The  negative  pole  of  a  batterj*  is  joined  to  this  bnish  and  the 
tivo  pole  to  the  south  pole  of  the  magnet.     Find  whether  the  tnaguet 
tejid  U\  rotato      If  it  will,  find  the  direction. 

10.  Aji  inverted  U-shat>c<l  wire  is  mounted  eo  aa  to  be  capable  of  roUt 
about  one  pole  of  a  vertical  permanent  magnet,  Fig.  290.     The  ends  of  U*] 
wire  dip  in  a  horimntal  circular  trougli  of  mercury.     If  a  batier>'  be  joined ; 
indicut4»d,  will  the  wire  tend  to  rotate?     If  so,  find  the  direction. 
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11.  A  knitting  needle  rests  on  two  horizontal  rails  between  the  poles  of  ^ 
magnet  as  shown  in  Fig.  291.  If  a  current  trovejaes  the  knitting  needle  in  th^ 
direction  indicated,  will  there  be  any  tendency  for  the  needle  to  roll  along  thff 
rails?     If  so,  find  the  direotion. 

12.  An  invi'rted  U-nbaped  wire  is  mounted  so  as  to  be  capable  of  rotation 
about  a  vertical  brass  rod,  Fig.  292.     The  ends  of  the  wire  dip  in  a  horizonl 
circular  trough  of  mercury.     When  a  current  traverses  the  rod,  the  U-«hai 
wire  and  u  horiznntjil  coil  atjout  the  latter,  will   the  U-shaped  wire  tend 
rotate?     If  so,  find  the  direction. 
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297.  Electric  Resistance. — Wlien  a  conductor  is  traversed  by 
a  current  it  becomes  lioatcd.     In  order  that  the  current  may  b^_ 
maintained  at  a  constant  value  electric  energy  must  be  supplied  t^| 
the  conductor.     The  property  whereby  a  conductor  absorbs  the 
energ>'  of  the  electric  current  and  converts  it  into  he^t  is  calli 
the  electric  resistance  of  the  conductor.     The  resistance  of  a  co 
ductor  is  measured  by  tlie  amount  of  heat  developed  in  it  by  t 
passage  of  unit  current  for  unit  time. 

By  experiment  it  is  fotmd  that  the  amount  of  heat  develo 
in  a  wire  of  given  materia]  at  a  given  temperature  when  trave 
by  unit  current  for  unit  lime,  that  is,  the  resistance  of  the  wire 
(o),  directly  jiropurtional  to  the  length  of  the  wire,  (6),  inversely 
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proportional  to  its  area  of  croes-section,  and,  as  a  rule,  (c),  depends 
upon  nothing  else.    Ck>nsequently,  the  resistance 

R^j, (175) 

where  p  is  a  constant  for  any  given  material  at  any  given  temper- 
ature. This  constant  is  called  the  resistiiniy  or  specific  resist- 
ance of  the  given  material  and  is  equal  to  the  resistance  between 
opposite  faces  of  a  centimeter  cube  of  the  material.  The  reciprocal 
of  resistivity  is  called  conductivity.  , 

Engineers  frequently  employ  the  circular  mil  foot  as  a  standard 
volume,  in  which  case  the  resistivity  is  the  resistance  between 
opposite  ends  of  a  wire  of  circular  section,  1  foot  long  and  .001  inch 
in  diameter.  One  mil  is  a  thousandth  of  an  inch.  One  circular 
mil  is  the  area  of  a  circle  one  mil  in  diameter.  The  area  of  a  circle 
d  mils  in  diameter  is  (P  circular  mils.  WTien  length  is  expre.ssed 
in  feet  and  sectional  area  in  circular  mils  the  numerical  value  of 
K  in  the  equation 

J (176) 
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is  10.8  for  piu^  copper  at  20*"  C. 

The  resistivity  of  some  substances  is  affected  by  light  and  the 
presence  of  magnetic  fields.  At  atinasphoric  temperatures  a 
magnetic  field  of  27,500  gausses  will  increase  the  resistance  of  a 
bismuth  wire  transverse  to  the  field  alx)ut  2.54  times.  This  fact 
furnishes  a  method  of  measuring  magnetic  field  intensities. 

Not  all  of  the  cross-section  of  a  conductor  takes  part  equally  in 
the  conduction  of  a  rapidly  alternating  current.  The  resistance 
of  a  copper  wire  to  oscillating  currents  of  the  frequency  of  10* 
alternations  per  second  is  about  the  same  as  that  which  would  Ixi 
offered  by  the  outer  layer  0.01  mm.  thick.  The  resistance  of  a 
conductor  varies  as  the  square  root  of  the  frequency  of  alterna- 
tion. For  the  alternating  currents  employed  for  lighting  and 
ppwer  this  "  skin  effect  "  is  negUgible;  but  in  the  case  of  the  rapidly 
oscillating  currents  of  Hghtning  and  wireless  telegraphy  it  is 
considerable. 
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Part  of  the  energy  of  an  electric  discharge  or  of  an  electric  curreat  is  tiiBft- 
formed  into  heat.  The  enormous  electric  dischargee  that  occur  in  the  air  dv- 
ing  storms  develop  sufficient  heat  along  their  path  to  produce  brilliut 
lightning  flashes. 

The  development  of  heat  by  the  passage  of  electricity  through  a  condnelar 
is  the  basis  of  many  domestic  appliances  such  as  the  incandescent  lamp,  tbt 
electric  cooking  range,  the  electric  flatiron,  the  electric  toaster  and  the  eleekiie 
hair  curler.  In  these  devices  the  "resistor,"  or  conductor  in  which  the  heat  ii 
developed,  consists  of  a  wire  of  high  resistivity,  either  bare  or  wrapped  witk 
asbestos.  Due  to  their  high  melting  point,  high  resistivity  and  ability  to 
withstand  oxidation,  alloys  of  nickel  and  chromium  are  much  used  for  domertic 
devices.  Tungsten  is  now  most  often  used  for  the  filaments  of  incandeMeat 
lamps. 

A  platinum  wire  or  band  heated  to  incandescence  is  frequently  used  fay 
surgeons,  instead  of  a  knife,  to  remove  tumorous  growths.  The  hot  wire  will 
cut  and  also  scar  the  wound  so  that  dangerous  bleeding  is  prevented. 

If  two  pieces  of  metal  be  pressed  together  while  a  large  current  pasm 
through  them,  there  will  be  developed  at  the  junction  iufficient  heat  to  fuse 
the  tv/o  pieces  together.  In  this  manner  metals  can  be  welded  that  cannot 
Ix*  welded  by  the  older  processes. 

298.  Resistivity  Changed  by  Temperature. — ^The  resistivity  d 
most  substances  increases  when  the  temperature  rises.  For  some 
pure  metals,  the  increase  of  resistance  from  any  standard  tem- 
perature to  any  other  temperature  is  proportional  to  the  resistance 
at  the  standard  temperature,  and  Ls  approximately  proportional 
to  the  change  of  temperature.  Thws,  if  at  0°  C.  the  resistance  of 
a  given  wire  made  of  one  of  those  nu»tals  be  7?o,  then  in  rising  to  /* 
there  will  be  an  increase  of  resistance  /3/?o<,  where  ^  is  a  constant 
of  proportionality  called  the  t<*inperature  coefficient  of  resistance. 
Consequently,  at  ^°,  the  resistance  will  be 

H,^Iio+fiRai^Ro{\-\-pt) \    (177) 

For  platiniun,  the  temperature  cocfRcient  of  resistance  is 
approximately  0.0037  per  degree  centigrade.  It  will  be  noticed 
that  this  temperature  coefficient  of  resistance  is  approximately 
numerically  equal  to  the  temperature  coefficient  of  expansion  of  a 
perfect  gas  at  constant  pressure,  (0.00366).  Therefore,  the  reos- 
tivity  of  platinum  varies  approximately  with  the  absolute  tem- 


BLErTRIC  RKRISTANCE 


perature.     If  this  law  holds  for  all  temperatures,  the  resistivity  of 
idfltimim  iS'  nearly  zero  at  the  ubsohite  zero  (tf  temperature. 

Carbon,  boron,  gla««,  porcelain  and  iion-metaliic:  liquid  con- 
ductors have  ne^tive  temperature  coefficients  of  i"esiatance, 
that  \Sf  these  substances  diminish  in  resistance  when  the  tempera- 
ture is  raised.  At  a  red  heat  the  resistance  of  a  boron  wire  is  only 
O.OOOOl  the  resistance  at  room  teiiiperature. 

The  temperature  coefficients  of  most  alloys  are  much  smaller 
thftn  those  of  the  pure  metals  of  wliich  they  are  composed.  For 
example,  the  temperature  cf>efficient  of  resistance  of  a  certain 
alloy  of  nickel  and  steel  is  0.00067  per  **  C;  one  of  copper  and 
^kcl  is  —0.00001  per  °  C;  Jiiid  one  of  copper,  nickel  and  manga- 
is  zero  from  40"  C.  to  50°  C.  For  temperatures  below  40"  C. 
last  alloy  has  a  small  prjsitivc  cocflicient,  and  at  temperatures 
above  50"  C.  it  has  a  small  negative  coefficient, 

Since  electric  resistance  can  be  readily  measured,  the  change  of  resistance 
Wh  rhanjce  of  temperature  fumishea  a  convenient  means  for  the  comparison 
w  temperatures,  riatinum  may  l>c  tiscd  from  the  lowest  temperature  up  to 
1IOO°C.     For  temperatures  below  200"  C,  pure  nickel  can  be  uaed. 

299.  Resistivity  Changed  by  Light,— Selenium,  and  the  min- 
eml  atitiinonite  (antimony  sulphide)  r>osscss  to  a  considerable 
d^rce  Ihe  property  possessed  by  but  few  aubHtan<'e,s  of  ehunging 
in  r(^isti\Tty  when  exposed  to  light.  Selenium  and  autiiuonite 
diriiinLsh  in  resistivity  whon  <^xjH)sp<i  to  light. 

Tlie  resistance-light  sensitivities  of  selenium  and  of  antimonit« 
are  of  the  same  onliT  <if  magnitu<le  and  an^  higluT  tbnn  tluit  of 
any  other  known  subsitance.  A  '*  scleniuin  tvll ''  eim  be  made 
by  winding  two  parallel  wires  side  by  side  about  a  sheet  or  rod  of 
insulating  material  and  then  filling  the  narrow  spaces  between  the 
convolutions  with  nu'lle<l  sideniiun.  The  resistance  iM'twecn  the 
two  wires  is  that  of  the  very  short  length  of  the  film  of  selenium 
extending  from  one  wire  to  the  olhiT,  A  ccrtjiin  sricnium  cell 
that  in  the  dark  had  a  resistance  of  10, (MH)  ohms,  bad  ii  resistanVo 
■  of  3000  oluns  when  exjxyfMsd  to  a  bright  light.  Another  cell  that  in 
thij  dark  ha<l  a  resistance  of  300,000  oluns,  had  a  resistance  of 
20,000  oluns  when  exi)osed  to  a  bright  light.  Selenium  is  most 
sensitive  to  yellow-green  light. 
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The  resistancp-aensitivity  of  selenium  is  sometimes  used 
astronomers  in  the  comparison  of  the  brightness  of  stare. 

300.  The  Electromagnetic  Unit  of  Resistance. — From  the 
nition  of  electric  resistance  it  follows  tluit  the  heat,  developed 
the  piLssage  of  a  constant  current  for  a  given  time  Ls  directly 
porlional  to  the  resistance  of  the  conductor.     Thiis,  in  s>Tnbol^ 

Hoc/?. 


Prom  experiment  it  is  found  that  the  heat  developed 
given  time  by  a  current  traversing  any  conductor  is  directly^ 
portional  to  the  square  of  the  current.     Thus, 


It  is  also  found  that  when  a  constant  current  traverses  a  con- 
ductor for  different  len^lis  of  time,  the  quantity  of  heat  developer 
is  directly  proportional  to  the  time.    Thus, 

Hat  1 

Since  it  is  foimd  that  the  quantity  of  heat  developed  in  tl^ 
g;iven   conductors   depends   only  upon  the  ma^^tudcs  of 
resistance,  current  and  time,  the  three  variations  expressed  abc 
can  be  represented  by  the  e<|uation 

JH^PRt^W (li 

where  H  is  the  energ>'  expressed  in  heat  units,  PRt  is  the  enei 
expressed  in  electrical  units,  and  W  is  tlie  energ>'  expn^sscd 
mechanical  unites.     Tlie  constant  of  proportionality  J  in  thp  n> 
chanical  e<iuivak'nt  of  heat.      Thir  law  ropiv-sented  by  (178) 
called  Joule's  Law. 

On  putting  Uiis  equation  into  the  form 

JH 

Pi 


R 


the  magnitude  of  the  absolute  unit  of  reastaaoe  can  be 
deduced.     Units  of  heat,  current  and  time  have  already 
adopted.     Before  the  unit  of  resistance  can  be  determined, 
definite  value  must  be  assigned  to  J, 


If  ff  be  expressed  in  calories  and  J  in  ergs  per  calorie,  then  JU 
wiD  be  the  number  of  ergs  of  heat  developed  in  the  circuit.  Hence, 
the  absolute  electromagnetic  unit  of  resistance,  sometimes  called 
the  aboitm,  is  the  resistance  of  a  conductor  in  which  one  erg  of 
beat  is  developed  by  the  passage  of  one  abanipere  for  one  secoud. 
This  unit  is  seldom  used. 

If  f^  be  expressed  in  culorics  and  J  in  joule-s  per  calorie,  then 
«/ff  win  be  the  number  of  joules  of  heat  developed  in  the  circuit. 
If,  in  addition,  /  be  expressed  in  amperes,  and  (  in  seconds,  the 
unit  flf  resistance  is  the  resistance  of  a  condurtor  in  which  one  joule 
of  heat  is  develojjed  \>y  the  passage  of  one  am[)ere  of  current  for 
one  second  of  time.  This  unit  is  called  the  ohm  and  is  the  practical 
unit  of  resistance.     One  ohm  is  10®   abtjhms. 

UsuaUy,  /  is  expressed  in  amperes,  li  in  ohms,  /  in  seconds  and 
ff  m  calories.  In  this  case  J  =  4.2  joules  per  calorie  and  (178) 
n*ay  be  written 

4,2H=Pm (179) 

>%icp  the  heat  developed  by  the  ptuisage  of  a  current  through  a  conductor 
Hriej  with  the  current  etrcngtb  according  to  a  definite  law  (179),  an  electric 

Instead  of  measun- 


?,  «WTajt  can  be  measured  by  meaiw  of  the  heat  developed. 

i^'g  the  heat    developed,   one   can    more    easily 

D»«wire  the   change   in  length  of  the  t-ondtictor 

produced    by   the  change  in  temperature.     The        |  ^_^     --^f,_  ""^     ibw-J 

iPrinciple  of  the  "hot-wire  ammeter"  is  shown        ^^jr -^^i—> — ^"•*-H[J0(l^ 

'fc  Fig  293.  A  curre4Jt  in  the  fine  wire  BC 
iprriduees  a  ri»e  of  teanperature  and  an  elonga- 
■Con  of  the  wire.  By  moAns  <»f  a  spring  *S  ut- 
tiched  t4f  one  end  of  a  string  wrapfx^d  alxiut 
Hue  axle  P  of  the  pointer,  the  elongation  of 
the  hot  wire  is  magnified  so  as  to  produce  n 
W-ge  indication  on  the  scale.  Fio.  293. 

From  f  179)  it  ia  aocn  that  the  heat  dc\'clopcd 
nuies  as  the  square  of  the  ciurejit.     Tliat  \»,   the  heat  is  independent  of 
ttbe  direction    of   the   current.      Consequently,   the  hot-wire    ammeter    can 
estber  direct  or  alteniating  eurrent^i. 


QUBKTIONS 

1.  A  wire  glnwN  when  a  current  i»  paired  through  it.     Explain.     If  a  part 
bf  the  wire  ia  cooled  the  remainder  glows  more  brilliantly.     Explain. 

2.  Show  hon^^y  measuring  the  heat  developed  in  a  wire  by  a  known  cur- 


L 
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rent,  the  mechanical  equi\^ent  of  heat  can  be  dct«rmmed  if  we  know 
resistance  of  the  wire. 

3.  If  the  rcsistzuices  of  a  motor  amiature  before  and  after  openliao 
known,  show  how  one  fain  dotpmiinc  the  rhange  of  temperature  due  to 
tion.     Would  this  be  a  |t;oDd  way  to  determine  the  change  in  tezD| 


SoLTKD  Problems 

Problem. — No.  18  B.  &  S.  gauge  wire  has  a  diameter  of  0.01  inch, 
many  feet  of  copfteT  wire  of  this  site  will  there  be  in  a  lOOD-ohro  mil? 
SuLimuN. — 


Urn 


1000  = 


10^ 
(40)« 


^     1000(40)» 
10  8 


PKOBLS3I. — ^The  iHii'itftiMy  ai  the  Une  wire  leading  froa  %  power  pknl  to •' 
gi\-en  iiistallatioD  of  lampfl  is  0415  ohm.  If  tlie  eufreai  in  Um  lae  is  ^ 
amperes,  what  is  the  loss  of  power  in  tninwiiiiwioiiT 

Solution.— From  (ITS),  power  k 

JH 
P- —  <watts)=-£  (ohms)  /»  (acnpercB*). 


Wbence,  remembering  that    746  watta^l   bone 
p.  118),  the  losB  of  power  in  the  prcaeni  pmbtem  is 


p-(ao6)(aoo>* 
^ift06)iaoo>« 

7« 


a  p. 


301.  Traxi^omutioin  of  Energy  in  ■  Voltaic  CA. — A  device  in 
whicfa  beat  of  chraiical  reactioQ  b  tntD^onned  into  dectnc  energy 
is  calkd  a  rolUue  or  galvanic  cell.  Consider  a  jar  *'tfiii«t^'*?ffg  a 
sohttkiB  oi  CUSO4  and  wbidi  has  at  the  bottom  a  Ifeeee  of 


1 


TRANSFORMATION  OP  ENERGY 


I 


and  at  the  top  a  piece  of  zinc,  Fig.  294,  Some  of  the  CuSOi 
will  dissociate  into  Cu  and  SOi.  and  the  copper  will  be  dept>site<j 
ou  the  copper  plate.  Some  of  the  zinc  will  go  into  solution  and, 
by  combining  with  SO4,  will  fonn  ZnS04.  The  dissociation  of 
the  CUSO4  requires  heat,  and  the  fomiatimi  of  ZnSO^  gives  out 
beat.  The  evolution  of  heut  produced  l>y  the  fonnation  of  one 
gram  equivalent  of  ZnS04  being  greater  than  the  absorption  of 
it  acrompanying  the  dissociation  of  a  grain 
ivalent  of  CuiJO^  (Art.  225),  the  cell  will 
nae  in  temperature. 

If,  however,  the  two  plates  Iw  connt^ticd 
by  an  electric  conductor,  there  will  Im»  pnu*- 
tically  no  temperature  change  and  the  circuit 
viU  lie  traverse<l  by  an  eleelrir  <Mirrent.  We 
here  have  a  transformation  of  heat  into  pltrtric  i  i(«.  _'vt4. 

t'liergy.    As  there  is  aero  heat  change  in  this 

when    producing    current,    the    electric    energy  developed 
lala  the  difference  1>rtwe<'n  the  heat,   of   fonnation  of  ZnSO^ 
^  the  heat  of  dissociation  of  CuSO*. 

Some  voltaic  cells  ure  wanner  than  thv,  surroundings  while 
^PpUing  current.  These  colls  do  m>t  transfonn  Into  electric 
energy  all  of  the  thenna!  energy  developed  hy  the  chemical 
Actions.  Other  cells  when  supplying  cm'ient  are  lower  in  tem- 
perature than  the  sun'oundiiig.s.  These  ccIIh  absorb  heat  from 
^he  surroundings  and  t ransfomi  it  into  electric  energy. 

Due  to  the  tninsf<vriiiatifm  of  heat  inio  electric  energy',  positive 
*-barges  are  imparted  to  tlio  copper  plate,  thereby  raising  its 
potential.  While  the  two  plates  are  joined  by  a  conductor  a 
current  traverses  the  cttruluctor  from  the  copix-r  i>late  to  the  zinc 
and  traverses  the  c<'l!  from  the  zinc,  to  the  c<ipjM»r.  Outjside  the 
cell,  where  there  is  no  transformation  into  electric  energy,  the 
charge  goes  from  high  potential  to  low^.  Within  the  cell,  where 
there  is  such  a  transfonnation  of  energy,  the  charge  goes  from  low 
potential  to  high. 

302,  Transformation  of  Energy  in  a  Thermoelectric  Couple. — 
At  ordinary  tempenitures  the  electric  jHitentials  of  different  sub- 
stances are  not  the  same.     For  example,  the  potential  of  iron  is 
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slightly  higher  than  that  of  copper.     The  electric  potential  of 
a  substance  also  depends  upon  the  temperature.     For  example, 
the  potential  of  hot  copper  is  liigher  than  that  of  cold  copper,  andH 
the  potential  of  cold  iron  is  higher  than  that  of  hot  iron.  ^^ 

Seebeck  discovered  in  1822  that  with  .Y,  Fig.  295,  kept  at 

room   temperature   and    Y  at  a  somewhat  higher  temperature, 

there  will  be  developed  in  the  circuit  a  current  of  electricity  that 

will  flow  through  the  lieated  junction  from  the  copper  to  the  iron. 

Since  the  current  in  the  copi>er  is  from  cold  to  hot, 

and  in  the  iron  it  is  from  hot  to  cold,  the  dii"ection 

of  tlie  current  is  from  lower  to  higher  potential  in 

l>oth  the  copper  and  the  iron.     Therefore  there  is 

a  gain  of  electric  encrgj'  as  current  passes  through^ 

each  branch  of  the  circuit.  ^t 

Again,  since  the  ptitential  of  copper  at  ordinary 
temperatures  is  lower  than  that  of  iron,  electric 
energ>'  is  also  gained  by  the  current  at  the  heated 
jimction,  while  electric  encrgj'  is  liberated  at  the 
Wlience,  the  net  gain  of  electric  energy  in  the 
circuit  equals  the  sum  of  the  electric  energj' 
gained  in  the  two  wires  and  at  the  heated  junction,  less  that  U 
at  the  cold  junction. 

The  Seebeck  or  thermoelectric  effect  is  not  limited  to  soli< 
but  is  also  found  between  two  liquids  and  between  a  bqiiid  and  a^ 
solid. 


Fio.  295. 

cold  junction. 
thermoelectric 


M 


As  a  meoiM  of  producing  electric  cmTeut,«t.  the  thermoelectric  effect 
uneconomical.  Its  chief  application  is  in  tlic  measurement  of  temperature 
tliffereiicw*.  If  one  junction  of  the  thennoolcrctrif'  coupU*  tw*  injiintained  at  ^h 
definite  fixed  temperature,  say  that  of  inciting  iw,  then  the  current  whit^H 
traveraifs  llie  ciroiiit  will  \ie  a  funotion  of  the  temperature  of  the  other  june- 
tion.  With  a  lliermoelcctrir  couple  having  one  wire  made  of  platinum  and 
the  other  made  of  a  10  per  cent  rhodiurn  alloy  of  platinum,  temperatures  can 
be  measured  from  the  lowcxt  uhtainahlc  up  to  IliOO"  C. 


303.  Electromotive  Force. — The  voltaic  cell  and  the  therm 
electric  couple  tend  to  set  electricity  into  motion  by  means 
eleetric  enerK>'  «)btaiiu*d  from  a  transformation  of  heat.     That 
property  of  a  system  whirh  tends  to  set  electricit}'  into  niotiou 


I 
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of  electric  energy-  obtained  from  a  transfonnation  of  some 
otlicr  sctrt  of  energ\'  is  cjillcd  clvcirmnoiive  force.     A  place  where 
such  a  trausfonnation  of  ciit'igy  occurs  is  cuUed  a  seat  of  electro- 
motive force.     In  a  voltaic  cell  there  are  two  seats  of  electromotive 
force,  one  at  each  plate. 

The  magnitiide  of  the  resultant  electromotive  force  of  a  system 
18  token  to  be  the  ratio  between  the  electric  energy  developed  and 
the  quantity  of  electricity  which  this  energy  tends  to  set  into 
motion.  Thus,  if  a  charge  q  is  wt  into  motion  by  means  of  an 
amount  of  electric  energy  W  obtained  from  a  transformation  of 
some  other  sort  of  energy,  there  is  an  electromotive  force  E  having 
the  magnitude, 

F=— (180) 


When  W  is  expressed  iu  ergs  and  q  in  abHolute  electromagnetic 
unit^  of  charge,  then  E  is  expressed  in  terms  of  a  imit  sometimes 
called  the  abvuU.  When  W  in  expressed  in  jouk'-s  iind  q  in  coulombs, 
then  E  is  expressed  in  terms  of  the  practical  electromagnetic 
unit  of  clwtromotive  force  called  the  vuU. 

Since  the  joule  is  10''  ergs,  and  the  coulomb  is  10~*  absolute 
electromagnetic  units  of  charge,  the  volt  ec^uala  10^  abvolts. 
Both  electromotive  forces  and  [Kjtential  differences  are  expressed 
in  the  same  units.  One  volt  ecjuula  oiu^  Uiree-hundredth  of  an 
electrostatic  unit  of  potential. 

If  a  scat  of  electromotive  f<>rce  inelucics  tint  a  part  of  the  cir- 
cuit, one  side  of  the  seat  of  eU'ctromotive  force  will  be  at  a  higher 
electric  potential  than  the  other,  and  the  intermediate  points  of 
the  circuit  will  he  at  intcnneiliate  potentials.  If,  however,  the 
al>8()ri)tion  of  energy  occur>;  uniformly  throughout  a  eire.uit,  there 
may  be  a  current  without  any  two  points  of  the  circuit  being  at  a 
difiference  of  jKiteutial.     An  example  of  lids  is  given  in  Art.  333. 

In  the  usual  rase*  of  a  circuit  containing  a  localized  seat  of 
electromotive  force  (a  volt^iic  cell  having  the  jioles  connected  by  a 
conductor,  for  example),  the  current  within  the  seat  moves  from 
a  place  at  low  ix)tent.iai  to  a  place  at  high  potential,  whereas  out- 
side the  seat  the  current  moves  along  the  conduetor  from  high  to 
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low.  It  is  electromotive  force  that  maintains  a  potential  different" 
on  a  conductor.  Electromotive  force  is  independent  of  resistftO* 
and  current,  but  the  potential  difference  between  two  points  «  *^ 
closed  circuit  depends  upon  both. 

It  should  be  kept  in  mind  that  electromotive  force  is  in  no 
a  force.  It  is  energy  per  unit  charge.  The  commonly  used  term 
electric  "  pressure  "  and  "  tension  "  are  also  unsatisfactory.  Any 
device  which  contains  a  seat  of  electromotive  force  is  caUed  an 
electric  generator.  It  should  be  kept  in  mind,  however,  that 
electricity  is  in  no  sense  "  generated."  It  is  simply  set  into  motion. 
There  are  many  cases  of  faulty  terminology  in  electric  nomen- 
dating. 

Since  both  electromotive  force  and  potential  difference  are 
measured  in  volts,  the  term  voUage  is  often  used  to  express  the 
magnitude  of  either. 

301.  Ohm's  Law. — First  Form.  Consider  a  circuit  of  total 
resistance  R  on  which  is  impressed  a  resultant  electromotive  force 
E.  If  a  quantity  of  electricity  q  traverse  the  circuit,  there  must  be 
suppUed  to  the  circuit  an  anioimt  of  electric  energy  (180) 

W  =  Eq, 

If  this  quantity    q    flows  at  a  uniform    rate  for  a  time  tj  q=It, 
Whence,  the  energy  supplied  is 

W  =  EIL 

During  this  same  time,  f,  there  is  transformed  into  heat  an  amount 

of  energy  (178) 

JH^PRt, 

If  all  the  electric  energy  is  turned  into  heat,  we  have  therefore ' 

Eli^PRt. 
Whence 

E^IR, (181) 

and 

^  =  i (182) 

This  equation  shows  that  so  long  as  the  resistance  of  a  closed 
circuit  does  not  change,  the  current  in  the  circuit  is  proportional 


Fiu.  '2m. 
in  lime  t 


the  electromotive   force.     This  law   was   discovered  experi- 
fmentally  by  G.  S.  Ohm  in  1S27  and  is  called  Ohm's  Law. 

Secarui  Form, — In  the  above  dLscussion  we  have  considered  a 

complete    circuit  which    includes  a  seat  of  electromotive  foriH;. 

We  shall  now  consider  a  portion  of  a  cirruit  inchided  between  two 

points  A  and  By  Fig.  290,  between  wliich  there  is  no 

flwit  of  electromotive  force,  but  Ijotwccn  which,  due  to 

some  source  of  electromotive  force  outrsid^;  the  region 

considered,  there  is  a  constant  current  from  A  to  B, 

Due  t-o  the  outside  source  of  electromotive  force^ 

a  certain  quantity  of  electricity  q  passes  any  ]K)int  in  the  circuit. 

Since  there  is  no  seat  of  positive  electromotive  force  between 

A  and  B,  positive  electritnty  must  there  move  from  a  place  of 

higher  ]x>tential  to  a  place  of  lower  potential.     The  i>oteuliul  t»f 

A  is  therefore  liigher  than  that  of  B.     Positive  electricity  movnng 

away  from  A  lowers  the  potential  of  ,4,  and  positive  electricity 

arriving  at  B  raises  the  potential  of  B,     To  maintain  constant  (he 

Poteinial  difference  ix'twt*cn  A  ami  B,  jwsitive  electricity  must  be 

'ranyfciTcd  continually  from  B  to  ^  along  some  path  not  shown 

^  the  figure  at  the  same  rate  at  which  electricity  is  Mowing  from 

•'^  to  B.     To  effect  this  transfer  from  low  potential  to  high  potential 

^pre  must  be  an  electromotive  force.    To  carry  unit  pt>sitive 

•^narge  from  a  point  of  potential  Vn  to  a  point  of  higher  potential 

*'  -4  requires  an  amount  of  work  Va  —  Va  (Axt,  279) ;   and  to  carry 

*?  Units,  there  is  re(|uired  q  times  as  much  work.     Thus  the  amnimt 

y  energy  that  must  he  converted  into  electric  energy  in  time  t 

'^  order  to  maintain  coastant  the  flow  of  electricity  from  A  to  B 


Or,  representing  tiie  difTerenee  of  potential  {Va  —  Vb)  by  the  more 
(■onvenient  aymlwl   Vab, 

W=V.,Jt (183) 

If  the  resistance  from  A  tn  B  is  r.  then  in  this  part  of  the  cir- 
cuit there  is  transformt'd  into  heat  during  the  time  t  an  amount  of 
electric  energy   (178), 
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If  no  electric  energy  is  transformed  into  eaiNgy  other  than 
heat,  the  amount  of  electric  energy  imparted  to  AB  must  equal 
the  heat  energy  developed  in  AB, 
Whence, 

Consequently, 

7=^ (184) 


Thus  when  there  is  no  seat  of  electromotive  force  between  two 
points  on  a  conductor,  the  strength  of  the  current  which  flows 
along  the  conductor  is  obtained  by  dividing  the  potential  dif- 
ference of  the  given  points  by  the  resistance  of  the  conductor 
between  them.  When  there  is  no  seat  of  electromotive  force 
between  two  given  points  on  a  current-carrying  conductor,  the 
potential  difference  of  these  points  equals  the  product  of  the 
current  and  the  resistance  between  them.  If  the  resistance  per 
unit  length  of  the  conductor  is  uniform,  the  potential  difference 
of  any  two  points  is  directly  proportional  to  the  distance  be- 
tween them. 

306.  Relation  between  the  Electromotive  Force  of  a  Generator 
and  the  Potential  Diflference  at  its  Terminals. — The  battery  or 
other  generator  of  electric  energy  is  called  the  internal  part  of  the 
circuit,  whereas  the  conductor  connecting  its  terminals  is  called  the 
external  part  of  the  circuit.  Represent  the  internal  resistance  of 
the  circuit  by  r<,  and  the  external  resistance  by  r,.  If  the  elec- 
tromotive force  of  the  generator  is  represented  by  E,  there  wiD  be 
a  current  I  throughout  the  circuit  given  by  the  equation,  (182), 

rt-\-re 

The  potential    difference  at  the  terminab  of  the 
jj.      ^-     generator,  F„-/re,  (184).     Hence,  the  above  equation 
may  be  put  into  the  forms, 

^-'"^'-'  1 (185) 


F^m  these  eqiiations  it  is  seen  that  if  the  electromotive  force 
a  generator  is  roiislaiit,  the  pofrntial  difTerPiu'e  bt^tween  its 
tenninals  deporuls  u[K>n  the  rekition  t)etweeu  the  internal  untl  the 
external  resistance.    To  bring  out  t.he  relation  we  may  write 


n+r,    *     rt 


i^' 


Thus  if  E  remains  the  same,  1'^  is  small  when  r,  is  small  compared 
with  n;  and  V'ly  approaches  E  in  magnitude  when  r,  increases. 
When  r,  is  infinite,  V'tf-J?.  This  condition  exists  when  the  cir- 
cuit is  open,  that  is,  when  there  is  no  coiuluctinji;  connection  from 
one  terminal  to  the  other.  The;  ordiimrj'  inc4liod  of  deternaniiig 
the  magnitude  of  the  electromotive  force  of  a  generator  is  to  open 
'he circuit  and  then  measuir  \h^  polcntiiil  dirfnronre  betwwMi  Ihe 
termioala.  In  the  case  of  a  dynamo,  the  internal  resistance  is  so 
sraall  that  the  terminal  pottnitial  difference  Vjy  is  always  very 
'nearly  equal  to  the  electromotive  force  E.  This  is  not  true  for  a 
wtter)'  of  voltiiic  cell?. 

Ohm's  law  shows  that  the  current  in  a  circuit  is  determined  by 
Ihe  electromotive  force  and  ihe  resistance.  If  Ihe  resistance  can 
be  changed  to  the  required  value,  the  current  in  a  circuit  of  any 
H'ven  electromotive  force  can  have  any  desireil  value. 

The  ordiiuiry  telephone  trHnflraitter  depends  upon  the  change  of  current 
whh  ch&nge  of  nsialance,  and  upon  ihr  rharifcc  in  tlu*  rosistanco  rtf  u  eolurnn 
"'  iweow  of  carbon  produced  by  u  change  uf  prepare      Tlio  tnuwinitler  T, 


^ 


Fia.  298. 

Fig  20Jt,  consiBtA  of  a  diaphragm  prcBsinjE  afcainnt  n  cai)sulo  C  Blled  with 
Kranulee  of  carbon.  An  electric  iMirrcnl  fluws  tlirmigh  tlir  i-upsiih'  (if  curUm 
eranuleA  and  a  coil  of  wire  about  one  end  of  a  pcnniment  niaifnct  tii  the  distant 
rw'civer  H.  ^Tien  a  man  speaks  into  \\\v  tninHiuitlpr,  the  sound  waves  cause 
the  transmitter  diaphragm  to  vibrate  with  the  frequency  of  the  sound  and  with 
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amplitudes  proportiunal  to  the  Imidncas.  Tho  changes  in  the  pressure  on  ttm 
curbon  gnuiulRH  Hicrt'by  pnxiiiceii.  touHe  c()rre.s|>undiiig  clumgtst  in  the  resis 
anM\  und  foriseiim-ntly  in  ihc  riirrt^nt  flinviu)^  in  tho  nta|;i)H  ttnl.  Th< 
curixMit  chaiiK'''^  n'  thr  iiut|:ncl  roil,  \\y  ultiTing  i\»'  f(ir<T  of  :ittniotion  on  tl: 
iro?i  diaphmt^in  ttf  the  r<»r*'ivor,  act  ihc  rt'i'civiT  diaphragm  intti  vibratioi 
similar  to  thoRc  of  the  tranumitt^r  diuphraKi"- 

306.  Magnitude  of  Energy  and  Power  associated  with  Electric 
Ctirrents.— From  (180)  and  (171). 


q       It 


Thus  the  electric  energy  devcIoi>ed  in  a  circuit  is  given  by 

•  W^EIi (18< 

The  power,  or  rate  of  dcvclopniont  of  energy  is 

p[  =  ^J=i^/ (is; 

Wlien  E  and  /  are  expressotl  in  absolute  electromagnetic  iini 
and  t  is  t'xp^<'s^^ed  in  seronds,  W  is  oxpros.ooii  in  crg8  and  P  in  orj 
jj(*r  Ket'.oud.     When  E  is  expressed  in  volts,  /  in  amperes,  ar»d 
in  seconds,  the  unit  of  electric  energy  is  the  joule,  and  the  unit 
electric  pDwur  is  tho  wntl. 

The  energy'  dovelopi*d  in  one  hour  by  an  exiienditure  of  ener; 
at  the  rat«  of  one  watt  is  called  the  watt-hour.      The  watt-hour 
and  the  watt  are  tlie  uiiil-s  of  electric  «*nergy  and  power,  rt'spci't- 
ively,   ordinarily  used  in  electrical  engineering.     One  thou? 
watt-hours  is   called   the  kilouxtU-hour   or   the  Briiisk  Board 
Trade  Unit  of  energ>*. 

307.  The  Economy  of  High  Electromotive  Force  in  Trans- 
mission.— The  rate  at  which  energj--  is  supplied  to  a  circuit  is 
meaaiired  by  the  product  of  the  inipressed  electromotive  fo 
and  the  current  (187),  Hence  a  given  power  may  be  suppl 
either  by  a  small  or  by  a  large  current,  so  long  as  the  proclui 


That  is,  for  a  given  coiniuctor,  it  varies  as  the  s{juare  of  the  cur- 
rent. For  this  reason  it  is  much  more  economical  to  supply 
''Ipdric  p<nver  to  a  lon^  trjinsiiussiou  lino  by  a  small  rurrcnl  and 
Iari5e  eltxrtroniol  ive  force  iUau  iiy  a  large  current  atul  coiTcstKnicling 
3niall  eleetroinotive  force. 

A  niaxiiiiuin  limit  b«  set  U)  the  jxit^'ntia!  tUfferoiice  at  the 
i^stonirr'H  end  of  the  line  hy  I  lie  (lunger  nf  [K'rsonal  contact 
*'ith  high  |x>t^ntial  lines.  A  [x^i'son  in  ordinary  health  can  stand 
a  current  of  0.01  anip^-re  for  a  sfiort  tiiiu^  without  <laiigt!r.  The 
J^istance  of  the  body  varies  witlun  wide  liiuils  depending  upon 
*^e  area  of  contact  and  the  dr>'ne8B  of  the  surfaces  of  contact 
wtwwn  the  body  and  the  ccmductor.  Much  the  greater  part,  of 
*w  total  rcsistan<'e  is  offered  by  the  Hkin.  The  resist^ince  of  the 
human  body  from  the  dr\'  finger  tips  of  one  hand  to  the  dry  finger 
*-'!*  of  the  other  hand  is  of  the  order  of  magnitude  of  50,000  ohms. 
^  tliis  case  the  maximum  safe  potential  difference  is 

V^( = It)  =  0.01  X  50,000  =  500  volts. 


Street  car  motors  arc  conmionly  operated  at  alx^ut  this  potential 
aiiference,  but  motors  in  fiho[38  and  dwellings  are  usually  oikt- 
&ted  at  about  either  110  or  220  volts.  Incandescent  lamps  do 
not  operate  succes-sfully  at  nmch  alxjve  120  volts. 

In  a  succeeding  chapt-er  a  method  will  be  dcseribed  by  which 
I  Ml  alternating  current  of  ixuy  elect rcjuiotive  force  may  hv.  economic- 
ally transformed  into  another  current  of  any  tlef^ired  electromotive 
/  force.  By  this  device,  fMJwer  may  be  economically  traiisinilt.ed 
\  to  a  distant  point  by  means  ttf  an  alternating  current  of  low  cur- 
,■  rent  value  an<l  liigli  electromotive  force, arnl  there  traii^foruKMl  into 
another  altcnialing  cunvnt  of  practically  4'fjual  ptnver  but  of  small 
r  electromotive  force  and  coirespomling  high  current  value. 


L 
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308.  The  Resultant  Resistance   of  Several  Conductors.— J 

nuinl>cr  of  coiulnctors  arranged  st)  that  the  same  current  trave 
all  of  tlieiu,  one  after  another,  as  in  Fig.  299,  are  said  to 
ttt  aeries. 


Vui.  299. 


Fio.  300, 


The  resultant  rewistance  R  of  a  number  of  condurtors  of  separatej 
resistances  rj,  ra,  ra,  r4,  arranged  in  series  is 


/^  =  ri+r2H-r3-|-r4. 


(188) 


A  number  of  conductors  so  arranged  that  the  current  divides 
and  a  part  traverse.'^  each  branch,  are  .said  to  be  coruiected  in 
parallel  or  in  multiple  arc.  Let  it  be  required  to  find  the  total 
resistance  R  l>etw('en  the.  ptuntrt  a  and  b^  Fig.  300, 4lue  to  four  cott- 
ductors  of  resistance  ri,  ra,  ra,  and  r4,  arranj^t^d  in  parallel. 

Denoting  the  total  current  by  /,  and  the  current*  in  the 
branches  by  t'l,  ia,  is,  and  Mi  respectively,  we  have, 


/  =  h+?2  +  '-3-f  U. 


SuljstitutinK  for  each  current,  its  value  as  given  in  (184),  wc 
have 

R       T]       rn       rs       r^' 


or. 


1  i+J+i-,i. 

R     n     ra     r3     r4 


(189) 


309.  The  Division  of  Current  in  a  Branched  Circuit — Let 
the  rurrent  strength  in  the  main  Une,  in  the  branch  ri,  and  in  the 
branch  ra  Ix'  denoted  by  /,  m,  and  i2,  respectively.  It  is  reqiiirwl 
to  find  the  relations  between  /,  t'l  and  ij. 
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From  Ohm's  Law,  (184), 

(190) 


L     v., 

•  =  77' 

Mid 

W2=  . 

Whence, 


(191) 


That  is,  the  ratio  of  the  current  strengths  in  the  two  branches 
«t|uals  the  inverse  ratio  of  the  resistances  of  the  two  branches. 

310.  The  Electromagnetic  Unit  of  Capacity  or  Capacitance. — 
The  ratio  of  the  charge  on  a  conductor  to  its  potential  is  called  the 
electric  capacity  or  capacitance  of  the  conductor  (Art.  287).  The 
electric  capacity  of  a  condenser  is  measured  by  the  ratio  of  the 
charge  given  to  one  of  the  terminals  to  the  potential  difference 
between  the  terminals  thereby  produced.  If  cliarge  Ik;  expressed 
in  coulombs  and  potential  dilTerence  in  volts,  the  capat-ity  will 
he  expressed  in  a  unit  called  the  farad.  The  fanul  is  nuuH'rically 
equal  to  the  nuniljer  of  coulombs  required  to  protluce  a  p*)tential 
<hfference  of  one  volt.  The  capacity  of  the  earth  i.s  alK.Hit  (.l.t.K)*>03C 
farad.  Afl  few  conductx>r8  or  conden.sern  have  caiiaritie.s  as  large 
as  one  farad,  the  millionth  part  of  a  farad^  called  u  microfarad,  is 
taken  as  the  practical  electromagnetic  unit  of  capacity. 


QUR»T10N8 


I  1.  When  a  copper  wire  and  an  iron  wire  of  the  same  length  and  diameter 
Ita^  coiin«Ct«d  in  parallel  for  the  same  lenf^h  of  time  across  the  ))olc>s(  of  a 
PntUery,  the  copper  wir«  becomts*  hotter  than  the  iron  wire;  but  when  they  arc 

joined  in  series  across  the  poles  of  the  same  battery  the  iron  wire  becomes  the 

hotter.     KxpUin. 

2.  If  the  incandescent  lamps  in  a  building  ore  all  in  parallel,  and  if  each 

is  to  have  always  n  potential  difTerenrc  of  100  volt.s  between  its  tcmiiniilH, 

how  ought  the  potential  diffcrcnri?  hctwcMjn  the  terminals  at  the  power  plant 

to  change  when  we  turn  on  iriyrc  Ughls?       Why? 

8.  ^'ou  lire  given  two  pcjunl  It^ngths  of  wire  of  the  same  ihicknc*w  but  oi 

different  materials.     With  n  battery  of  known  e.m.f,  ami  negligible  rcHislunoo 


• 


398 


ELECTRICITY  IN   MOTION 


you  are  to  mnkc  one  of  the  wirw>  us  hoi  us  iMissiblc. 
'hoose?    Why? 

Solved  Pboblems 


\Vhif;h  wire  should 


pRrtRi^EM. — One  lit^r  of  water  at  10'  C.  is  to  he  raiswl  to  thn  t>oiling  p 
by  meuiis  of  bcut  developed  by  the  passage  of  currout  through  a  'JO-olim 
attached  to  a  100-volt  UKhting  circuit.     If  one-half  of  the  heat  developed  is 
lust,  find  the  time  required  to  raise  the  teiui>eraturo  to  the  boiling  point. 

SoLOTioN.— I'Ymn  (179)  and  (184) 


Whence, 


ot, 


4.2(1000X90)2  = 


IOO»i 


20  ' 
f  =  1512  800. 


Problem. — A  group  of  lomiw  ia  connectwl  across  a  line  operated 
dynamo  of  elcctniinotive  force  110  volts  and  internal  resistance  0.03  ohmj 
The  resisUnce  uf  the  line  is  0.1  ohm,  and  the  poteufiiil  diiTerence  at  the  Ut- 
minalH  of  the  group  ()f  lamps  is  108  voltji.  Kind  the  line  current  and 
resistance  of  the  group  of  lamps. 

Solution.— F*r«i  Mt^od.    From  (182)  and  (184) 

r-—    list 
h'    r  • 

whero  r  represwnts  the  resistance  uf  ilu-  lumps, 


110 


or 

Again, 


0,03+0. l+r 
/ 


lOS 

.     Whence  r  =  7.0  ohms. 


r_v^]_  108 

I        r  J  "  7.0 


15.4  amperes. 


Second  Method.— Vrom  (184), 


potential  drop  in  dynamo  and  line      110-108 
Current  = : ■ z—, rr. =  „.._..   .  =  lo.4  amp. 


Again, 


resistance  of  dy nivmo  and  line        0  03 + 0 . 1 
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PBOBuat. — A  battery  of  10  cells,  each  of  constant  electromotive  force 
I.J  voUb  and  intcmal  resistance  3  oluntf,  \a  joined,  first,  in  iritis  witii  u  wire  of 
ohms,  and  t-hen  in  iniilti|)le  with  the  sunic  wire.     Find  the  current  in  each 

SoLtrnov— When  joined  in  series.  Fig.  302,  the  elect rumotive  force  of  the 
ilatiery  equals  the  sum  uf  (be  electromotive  forces  of  the  sepurnt4*  cells,  iind 


Fio.  302. 


c 


111    II    iilll 

"r-r-r-Ti"T--r-r^-r 


Fia.  303. 


the  resistance  of  the  battery  equals  the  sum  of  the  resistances  of  the  sepamte 
eeUa.     ThuSv  when  in  series. 


H' 


10(11) 

10(3) +8 


=0.29  amp. 


When  the  cells  are  in  multiple,  Fig.  303.  the  electromotive  force  of  Ihe 
h»t1er>'  is  that  of  a  single  cell,  und  the  resistance  of  the  battery,  from  (lS9)i 
r^*3/10.     Whence,  when  ni  multiple. 


11 


0.3+8 


0.13  amp. 


Problem. — The  lighting  rircuit  In  a  certain  building  has  a  resistance  of 
two  ohms.  The  building  i.s  to  be  connected  to  a  |K)wcr  plant  500  ft.  distant 
by  a  Une  such  that  the  i>oteiiti;d  difference  at  the  house  temunals  «hall  be 
95  per  cent  of  the  potential  dilT«rcnoc  at  the  dynamo  tcrmiuals.  Find  the 
flixc  of  the  tine  wire  in  circular  mils. 

SotmoN. — Representing  the  ]iotentiaI  diflference  at  the  dynamo  terminals 
{"hy  l'o»  and  that  at  the  hnusc  tcnninals  by  Vx^.  the  rcfiislancc  of  the  line  by  I< 
and  that  of  the  lighting  circuit  by  r.  the  lineourrenl  t»v  /.  ami  the  diameter  and 
total  length  of  the  Une  by  d  and  /.  respectively,  we  have  (,1S4; 

V^«/t/?-fr)-/(i?+2). 

Oividing  each  member  of  the  former  equation  by  the  corresponding  member 
of  the  tatter,  and  remembering  that 
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we  have, 

V»         2/                               2 
^ or     0,95 


V^    /(fi+2)  fl+2 

Whence,  the  line  resistance  is  if^  0.105  ohm. 
From  (176), 


Or 


Kl 
R  «-—  where  K  » 10.8  for  ootmer. 

[Kl]     10.8X1000 
-^  U  ^^^^^^^  « 103,000  circular  mib. 


From  tables  it  will  be  found  that  this  corresponds  to  B.  A  S.  gauge  N 

Problem. — Two  electric  mains  maintained  at  a  potential  different 
yolts  are  connected  by  four  conductors  in  parallel  having  respective! 
ances  of  5,  8,  10  and  20  ohms.  Find  the  total  current  and  also  the  ci 
the  5-ohm  conductor. 

Solution. — Representing  the  total  current  by  /,  the  total  resist 
R,  the  resistance  of  the  5-ohm  conductor  by  r,  and  the  current  in  t 
ductor  by  i,  we  have,  from  (184). 


• 

,    Vat       ^    .    V^ 
'-  R     ^^^    '=    r- 

From  (189) 

1111      1      19 

ie~6"^8"''l0"*"20~40' 

Hence. 

/ 

Va*l      110X19     __ 
^  J.     -      ,^      -5J.25  amperes, 

and 


r       Ka6]_110_ 

r   rJ-5    - 


22  amperes. 


§  2.   Electrolysis 

311.  Ionization. — Experiments  have  shown  that  in  the 
dilute  solutions  of  a  large  class  of  compounds  the  osmotic  p 
rises,  the  temperature  of  the  boiling  solution  rLses,  and  the 
ing  point  of  the  solution  falls,  in  direct  proportion  to  the  i 
the  number  of  molecules  of  solute  to  the  number  of  mdec 
solvent  in  the  solution.    In  the  case  of  dilute  solutions  of 
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unds  it  Ls  found  that  the  elevation  of  the  osmotic  pressure, 
elevation  of  the  teinfwrature  of  the  boiling  solution^  and  the 
ion  of  the  freezing  point,  Ls  just  tJouhle,  triple,  or  qiiadniple 
tiiaf  which  ot^GUrs  in  other  oases.  This  sugKesls  that  in  solutions 
of  tlii.s  Iatt<T  v\iiss>  of  substances,  each  muli'^ule  uf  the  iH>hitc  is 
BpL't  into  two,  three,  or  four  parts,  res[>e('tively. 

Now  a  molecule  of  any  coni|H»und  coiifiists  of  atoms  of  two  or 

paore  element*.     And  if  such  ii  nmlecule  t>phts  into  two  parts  in 

Such  a  manner  that  we  have  a  s<!paruiion  of  two  tILsHiinilar  sul)- 

WAnces.we  should  expect  one  paii  to  Ix?  charfjed  jwsitively  arul  the 

other  f>art   negatively.     If  the  solution  ctjjitLiiiis  positively  and 

negatively  charged  parts  of  molecules,  by  placing  in  the  solution  a 

Iplate  kept  jxisitively  charged  anil  another  phite  kept  iK'gutively 

[chiu-ged,  it  would  Ix;  ixissihlc  to  cnlleit  the  negatively  charged  parts 

itoflhc  molecules  about  the  [xjsitive  plate  and  the  positively  charged 

parts  of  the  molecules  about  the  negative  plat^. 

'      Experiments  such  as  just  indicated  ahow  that  all  solutions 

that  give  abnormal  osmotic  pressures,  boiling  points  and  freezing 

points  contain  cliarged  parts  of  moleculet?,  and  that  solutions  which 

<io  not  give  abnormal  osmotic  pressure,  etc.,  do  not  contain  such 

(^getl  parts  of  moleculea.     Consequently,  we  conclude  that  the 

molecules  of  some  substances  when  dissolved  sjilit  into  parts 

^hat  are  electrically  charged.     The  charged  parts  of  molecules 

We  called  ions.     The  process  of  separation  of  a  molecule  into 

ions  is    called   ionizalioji.     Positively   charged    ions   are   called 

■fti/iow,    and    negatively   charged    ions   are    called   anions.     The 

^legree  of  ionization  for  any  substance  depends  upon  the  dilution 

Of  the  solut  ion.     In  a  concentrated  sohition  there  will  ]te  a  greater 

dumber  of  molecules  of  solute  ionized  pt*r  unit  volume  of  solution 

than  there  will  Vm?  in  a  dilute  solution.     But  in  a  dilute  solution 

1  greater  fraction  of  all  the  inolccule-s  of  the  solute  will  be  ionized 

than  will  Im?  ion  zed  in  a  concentrated  solution. 

A  molecule  is  more  apt  to  split  into  ions  when  dissolved  in 
irater  than  when  dissoIve<l  in  alcohol  or  ether  Ix'causti  the  force 
t  electrastatic  attraction  bet\\'ecn  the  charged  parts  of  a  mole- 
lule  varies  inversely  with  the  iriagnitude  of  the  dielectric  con- 
iani  of  the  surrounding  medium.     And  since  water  has  a  much 
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higher  dielectric  constant  than  ether  or  alcohol  (Art.  277), 
therefore  the  force  between  the  charged  parts  of  a  molecule  is 
less  when  dissolved  in  water  than  when  dissolved  in  ether  or 
alcohol. 

An  ion  may  consist  of  one  or  many  atoms.  A  monatomk 
ion  must  not  be  confused  with  an  atom.  On  account  of  tlie 
charge  possessed  by  the  ion,  the  properties  of  an  ion  are  very 
different  than  the  properties  of  an  atom  of  the  same  substance. 
For  instance,  a  mass  of  ]X)ta8sium  ions  can  exist  in  an  aqueous  sdu- 
tion  whereas  a  mass  of  potassium  atomd  would  combine  with  some 
of  the  water  with  explosive  violence. 

The  ions  of  hydrogen  and  all  of  the  metals  are  positivdy 
charged.  The  ions  into  which  the  molecules  of  some  common 
compounds  divide  are  indicated  below.  The  -f  and  —  signs  above 
the  syml)o!s  indicate  the  relative  amount  of  charge  on  the  ions,  the 
charge  on  a  hydrogen  ion  being  called  unity. 


Hydrochloric  acid 

+ 
H 

ci 

1                               +  + 
1  Sulphuric  acid     HH 

(io,) 

Nitric  acid 

+ 
H 

(NO,) 

+  + 
Copper  sulphate  Cu 

(SOO 

Silver  nitrate 

+ 
Ag 

(NO,) 

1                               +  + 
]  Zinc  sulphate      Zn 

(sb7) 

\\*ater 

+ 
H 

(OH) 

1                           +  +  + 
1  Auric  chloride     Au 

ciad 

Sfxlium  hydrate 

+ 
Na 

(OH) 

+  +  + 
Plat  inic  chloride         Pt 

c'icicid 

312.  Electrolysis. — If  two  insoluble  conducting  plates  be  placed 
hi  a  solution  of  copper  sulphate,  it  is  found  that  to  keep  one  plate 
positively  charged  and  the  other  negatively  cliarged,  charge  must 
be  continuously  supi>lied  to  the  plat<»s.  This  means  tliat  electric- 
ity is  passing  from  one  plate  to  the  other  through  the  solution. 
It  is  also  found  that  copiK*r  deposit^s  on  the  negative  plate,  oxygen 
appeal's  at  the  positive  plate,  and  that  sulphuric  acid  appears  in 
the  solution. 

The  two  charged  conducting  plates  are  called  electrodes.  The 
pa^itively  <'hargcd  ek*ctrodo  is  calh^d  the  anwh^  and  the  negatively 
charge<l  ekn'trode  is  called  the  cathwh.      Much  of  the  copper  sul- 

phate  ionizes  into  Cu  and  (S04),.and  a  small  amount  of  the  water 


nires  into  H  and  (OH).  The  {wsitivoly  charged  ions  (cations) 
Mifve  toward  the  negatively  chargiKl  plate   (cathode),   and   the 

iratively  charged  ions  (anions)  move  toward  the  positively 
.iuirpcd  plate  (anode).  On  reaching  the  cathode,  tin*,  copper  ions 
hj-  combining  with  negative  clmrge  on  the  catho<ie  will  become 
uncharged.    That  is,  the  copper  ions  become  copjjer  atoms.     A 

sutphion,  (SOi),  on  reaching  the  anode  will  give  np  its  charge, 
Tbc  uncharged  SO4  is  very  unstalilc  and  will  dissociate  into 
SOj-j-O.  The  oxygen  will  \xi  depositrd  on  the  anode,  while 
the  SOa  by  combining  with  a  molecule  of  H2O  will  form  a  mole- 
cule of  H2SO4. 

The  following  reaction  probably  also  occurs  to  a  slight  extent. 

During  transit  through  the  solution  a  sulphion,  (SO4),  may  encoun- 
ter two  hydrogen  ions.    The  three  ions  will  then  combine  and 

fonn  an  uncharged  molecule  of  HaSO^,  The  remaining  (OH) 
1008  move  toward  I  he  ;inode  and  there,  by  coinbiniiij;;  with  pfisitive 
cbarge,  they  become  unchargccL  But,  after  becoming  uncharged, 
(OB)  is  an  unstable  sidwtanee  that  cannot  exist  in  ptable  cquilib- 
oum.  Two  such  aggregates  will  form  water  and  free  oxygen 
^'Ording  to  the  relation 

OH-fOH  =  H20-hO. 

The  process  of  separating  different  sort.s  of  ions  from  one 
>ther  by  electric  means  is  culiod  electric  analysis  or  eUctrolytns, 
A  liquid  containing  ions  is  called  an  elerlrolyte. 

S13. — A  conducting  Uwly  can  be  coulcO  or  "  plated  "  witli  metal  by 
ItaviriK  '*  (•■onfllilute  the  r-jtthode  of  an  electrolytic  cell  an  desrribt^d  above. 
Hut  in  order  thut  tiio  Hutution  may  not  become  imixiveriBhed  of  the  iona  which 
ftpc  to  l>e  deposited,  the  Anode  Ls  made  of  the  «anie  rnet^J  which  is  to  be 
iJepoHited. 

For  example,  if  a  body  is  to  Ik;  copixr  plated,  it  is  sus]iended  in  a  Bolution 
nr  "  Imth  "  containing  copper  iona,  and  kept  negulively  charKcd,  A  plate  of 
ri»(>IHT  is  suspended  in  the  same  tank  and  kept  [Ktsitively  charged.  If  ^ 
solution  of  ropper  sulphate  he  used,  the  action  will  Iw*  the  same  as  described  in 
the  previous  article  with  the  addition  that  at  the  anode  copper  ions  are  forced 
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into  solution  and  when  the>)c  iutm  come  near    any  SO*  irma    moleculM 
CuSOi  nTv  fumivd.     Due  to  IbiM  actifju  the  concentration  o(  vopper  kins 
solution  is  maintained. 

Iron  pipcfi  buried  in  moist  ground  ur«  often  rapidly  dctttroycKl  by 
lytic  corrosion  due  I*)  clcrtric  currenta.     In  ordiuiiry  elwtrit-  sir. 
s>'stcms,  the  current  goes  to  tlic  car«  over  a  wire,  and  jvftor  tr;^ 
motors  returns  to  the  station  thrtiugli  Iho  raila.     To  cnHun.*  n  good  return 
cuit,  the  jf»int'4  Iwlwcon  the  railH  are  joined  hy  heiivy  copper  b«>ruljii.     If 
of  these  bonds  be  broken,  aa  at  B,  Fig.  3fH,  current  will  l«Ut  to  the  earth 
^^_^  thence    to    the    earthed    txinnretion    at 

^^fe  ^  power  plant,  or  to  8omo  other  iKiint  i 

^^"        ^  »  ■  '   ^  different  potential  than  the  rail  at  ikm  hni 

I  f       B_    }m  n^  Umd      If  there  Iw   an  imn    pipe   exlunc 

I  ^  from  the  break  toward  luiy  \M.ntil  of  the 

■  at   a   difTcrcnt    potential,    the    pipe    will 

I  travei-aL'd    by    the    le:\ka|fc    eiimiit.     W 

I  I  the  riurent  leaves  the  pijM?,   ii»  at   *'  in 

I  I  Tk-       figure,  there  will  l«i  raiiid  ttirrttwifm 

^^^      ^  _    _    ^ TV  Tlie  <)rdinarj'   method   of  producing 

^^^V  minium  is  an  ele<'tro1ytJc  proma 

^^^^^^B  inelttsi    with  certain  other  minorait  tl 

^^^^^H  Fig.  304.  forming   an   electrolytic    Holutiou.       A 

large   ciirrc>iit  *irut  through  the  fitMnl 
will  cauae  aluminium  to  Ite  RepamU'd   at.  ihr  ciitluKle, 

If  a  direct  current  Ik*  panned  through  acidulated  water  rn>m  one  carUiD 
l^ktiiium  plut^  Ui  another,  buhhli>!i  of  oxygen  will  appeAr  at  thr  |t<j«ilj 
ptato  and  hydoigtm  at  Ihi*  iiegiidvf  plate.     Alwt,  if  the  [N>Hitive  eiertnMie 
tend  and  the  nc^gative  l>e  aluiitiniutn,  oxygen  will  a[>|>car  w*  bi*fnre  on  the 
and  hydrogen  on  the  cathode,     But  if  the  fHwitivr  rlertnKle  l>e  aluininitm) 
the  negative  electrode  be  lead,  the  unude  will  alnuwit  iiuttantly  bt*oom«  cv\ 
with  a  him  of  ainrainium  oxide  and  the  current  will  ee<iw.     ThuM  m 
will  traverse  such  a  cell  in  onedirertion  but  itut  in  Ihonther.     Kan  alti 
electromotive  force  be  imprcstied  on  the  iduminium  and  lead  plute»t,  h  eui 
will  flnw  in  only  one  direction      The  nllrrnHtiiig  curr*-nt  w  tlitw  " 
Again,  the  lead  and  oxide-coven**)  aluminium  plalen  in  the  liquid  ( 
e)(»ndenH<T  which  is  charge*!  when  tin*  aluminium  plate  in  clinrgpit 
and  w  discharged  in  the  direction  uf  the  retHilied  curroiit  wben  llit- 
plate  is   chjirged  negatively      AUeniating  cleetrnmotive  forct«  of  but  a  fr* 
volta  arerectific>d  by  a  wU  cuntAining  acidulati-d  watvr      Hut  if  I  he  vltH*tral 
ouiufinta  of  Q  aatumtod  aolution  of  photiphate  uf  nodiuni^  ammtmiura  or 
Bium.  ultcmating  vollag<^  up  U*  2l)0  volta  can  lie  re«^tifi»Mi      An  t\ 
rf^tther  m  wliich  the  electrolyte  itf  a  solution  of  a  phi»4phatc  tmlt  laofl 
a  Nodon  voJvc. 
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3Ii  Electrolytic  Separation  of  Metals. — In  order  that  ions 

oi any  given  metal  may  bo  <ieix>Hite<i  on  the  cathnde  of  an  elec- 

t/Dlytic  cell  the  potential  difference  betwt^n  the  anode  and  eatliode 

[ibust  not  be  less  than  a  certain  niinimiim  value,  wliich  is  different 

)r  different  metals.     The  minimum  potential  difference  that  will 

iiise  a  given  sort  of  ions  to  become  discharged  is  oalUnl  the 

tpositian  value  or  deposition  value  of  the  given  ions. 

If  two  insoluble  electrodes  be  placed  in  a  solution  containing 

teveral  kinds  of  ions,  all  of  the  |>t^sitively  ehtirj^ed  ions  will  tend 

p  move  toward  the  cathode.     If  the  p<itentinl  4lifferen('e  U'tween 

be  electrcKie>5  Ix*  less  tlian  the  decoiup*jsition  value  of  any  of  the 

Oais.  none  of  the  ions  will  bi'eome  tleptisited.     If  the  pot^^ntaal 

Sfference  between  the  elertrt*des  be  higher  than  tiie  decomposition 

fftluc  of  the  ions  of  luiy  metal  in  snhitioM,  itms  of  this  metal  will 

become  discharged  al  the  cathodi^  antl  there  will  be  dejxjsited.     If 

ihe  decomposition  values  of  all  the  other  metallic  ions  are  eonsider- 

ibly  higher  than  the  p*^)tential  <lifference  between  the  electrodes, 

only  this  one  metal  will  l>e  dc^p<»sited. 

In  this  miiuuor  a  motal  can  be  sejiaruted  Trurn  impurities.  Practically  all 
DoppfT  iwcd  for  electric  wires  is  fW'troIytiriilly  purifio<^.  A  Inrgp  nuiKs  of  the 
bnpiire  ropper  fonns  tlic  aiii-Mlc  anil  a  llitii  t^lwuL  uf  pum  fojjjKjr  forms  the 
■itbode.     The  electrolyte  ifi  a  »oluti«in  of  copjRT  suJphat^?. 

After  all  of  one  mctn]  has  been  dejKffiitcd.  :\  w'cond  nirtal  vnti  be  (li')M>ait4xl 
iQFruainK  thr  pt>(entiul  difTerencc  between  the  elertrodos  to  the  decomposition 
f^hie  of  the  iouA  of  anotticr  of  the  metals  in  the  !U)lulLon.  Aad  if  no  other  ion 
n  the  solution  has  a  deeumpositioii  value  nearly  cquAl  to  this  one,  this  second 
Itetal  will  be  de)>ositn<]  in  a  pure  form  nt  the  cnlhode. 

If,  however,  the  jtotcntial  differenre  Ijetwetn  thr  elertrodcs  exceeds  the 
InxHnposition  values  of  two  motaU,  both  mctjLk  will  be  deposited  on  the 
Mbode  simult-oncously.  In  thia  way  an  {>bjef't  may  be  brass  plated.  In 
he  caae  of  brass  plating,  the  concentration  of  zinc  ions  in  the  solution  mui^t  be 
hueh  greater  than  that  of  copjirr  unless  iiii  etnctrmle  potential  difTerencc  is 
iMed  which  is  much  greater  tlmn  the  dcconipusition  vahu-  uf  Einc.  An  acid 
BlutioD  cannot  be  used  with  high  [loteiitiHl  tUffcrencf^t,  else  hydrijgen  will 
iepoeit  on  the  catlioile,  thereby  cauaing  the  metaliie  deposit  U)  bti  iwrous 

316.  The  Quantitative  Laws  of  Electrolysis. — Consider  the 
toass  of  metal  deposit^**!  when  a  jj^iven  (]nantity  of  clcrtricity  passes 
ihroui^h  three  pohitiotifi.  one  containing  silver  ions,  another  copper 

,  and  another  gold  ions.     The  number  of  ionic  charges  carried 
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by  ions  of  silver^  copp)er,  and  gold  are  respectively  one,  two,  and 
three.  From  the  principles  outlined  in  the  previous  Articles  it  i 
seen  that  a  given  quantity  of  electricity  passing  through  vaiioQB 
electrolytes  either  deposits  or  transfers  to  other  combination 
ions  having  the  same  total  number  of  ionic  charges.  Con» 
quently,  in  the  present  case,  if  the  passage  of  unit  charge  causes  « 
deposit  of  n  ions  of  silver,  it  will  cause  a  deposit  of  n/2  ions  of  copper 
and  n/3  ions  of  gold.  If  now,  the  relative  masses  of  these  iom 
are  108,  63  and  197,  respectively,  it  follows  that  the  relative  masses 
of  the  deposit  of  silver,  copper,  and  gold  produced  by  the  passage 
thn)ugh  the  different  cells  of  the  same  quantity  of  electricity  are 
respectively  108,  63/2,  and  197/3.  If  instead  of  being  unity,  the 
charge  passing  through  the  solutions  be  q  units,  the  masses  of  the 
various  deposits  will  be  q  times  as  great  as  before. 
These  results  may  be  tabulat^^d  as  follows: 

Ion Ag 

Relative  ionic  inasH 108 

Relative  ionic  charKc 1 

Rel .  No .  of  ions  deposited  by  a  given  (^harsc       1 

Rel.  imuw  of  deposit  by  given  charge. .  . .   108  i(63)  1(197) 

The  relative  mass  of  deposit  produced  by  a  given  charge 
equals  the  quotient  obtained  l>y  dividing  the  relative  mass  of  an 
ion  by  the  number  of  charges  (tarried  by  the  ion  and  is  called  the 
chemical  equivalent  of  the  substance.  Or,  in  teniis  of  the  nomer 
clature  of  chemistry,  the  chemical  c(iuivalent  of  a  substance  is 
the  ratio  of  its  atomic  mass  to  its  valence. 

It  has  now  been  shown  that  when  a  quantity  of  electricity, 
9,  passes  through  a  solution  containing  metallic  ions  of  chemical 
equivalent  y^  there  will  be  deposited  a  mass  of  metal 

mccqy, 
or 

ni  =  kqy (193) 

The  facts  included  in  this  expression  were  originally  enun- 
ciated by  Faraday  in  the  form  of  the  two  following  laws: 


++ 
Cu 

+++ 
Au 

63 

197 

2 

3 
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1.  The  mass  of  an  electrolyte*  docompof^ed  by  the  passage  of 
tin  electric  current  is  directly  [)ruportiL>iial  to  tJie  qimntity  of 
declricity  that  passes  through  it. 

2.  Tf  the  same  quantity  of  eleriricit.y  parses  tlirongli  diffeivnt 
electrolytes,   the  masses  of   the   different   ioits   liberated   at   the 

Lrodes  are  proportional  to  their  chemical  equivalents. 

The  ratio  of  the  mass  of  sul)stance  deposited  (or  transferred  to 
oiler  combiuations),  to  the  total  (luautily  of  electricity  carried 
by  the  ions  of  the  substance,  is  called  the  fkcirochetnieal  cf/uiva- 
Itnl  uT  the  substance.  Thus,  representing  the  electrochemical 
equivalent  by  z, 

m 

9 


2=— . 


(194) 


For  example,  one  coulomb  (i.e.,  one  ampere  for  one  second) 
will  deposit  1/90530  g,  of  hydrogen.  Whence,  the  electrochem- 
ical equivalent  of  hydrogen  is  1  0t>5;i0  [  =  0.000011)3^51  g.  per  cou- 
lomb. 

If  the  electrochemical  equivalent  of  a  substance  is  z,  the 
m  dep08it43d  in  t  seconds?  hy  a  current  of  /  amperes  is 


m[  =  z(]\  =  ziL 


(195) 


\ 


Knowing  the  chemical  equivalents  of  two  element-s  and  the 
(■'lectrwhemical  equivalent  of  one  af  them,  the  electrochemical 
^t'Jivalent  of  the  other  can  Iw  found  as  follows:  If  m  grams  of 
•Ubstance  of  chemical  cf^uivfilciil  y  are  dep(»silcd  by  a  charge  q, 
*Hd  mi  grams  of  a  substance  of  chemical  equivalent  j/i  are  depos- 
ited by  a  charge  gi,  then  from  (193) 


m 


mi 


JUL 


m\y 


Z  =  Zi 


(1%) 
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For  example,  the  electrochemical  equivalent  of  any  subet&no^ 
of  chemical  equivalent  y  is 

1 


96530 


96530 


g.  per  coulomb. 


The  nunilwr  of  grams  of  any  Bort  of  ion  which  carries  the  same 
charge  as  one  gram  of  liydrogen  is  calleil  the  gram  equivalent  of 
that  ion.  The  charge  carried  l>y  one  grain  equivalent  of  any  sort 
of  ion  ec^uals  96,530  coulonilw.  Th<'refore  96,530  coulombs  will 
deposit  a  gram  equivalent  of  any  element.  • 

Though  in  Physics,  the  eleeti'fM'hemical  equivalent  of  a  sub- 
stance 18  defined  a.s  the  ratio  of  the  mass  of  subh-tance  deposited  U» 
the  ttital  charge  carried  by  the  ions  of  the  substance,  in  Chemistry 
it  is  quite  coiiimun  to  drline  it  as  the  reciprocal  t>f  this  quantity. 

316.  Computation  of  the  Electromotive  Force  of  a  Cell. — For 
a  cell  in  which  the  chemical  reactions  are  known  the  electro- 
motive force  can  Im  roiiqmted.  Var  the  general  case  in  which 
there  is  a  temix-rature  change  of  the  cell  while  supplying  currejit, 
the  computation  involves  a  consideration  of  the  properties  of  a 
reversible  thcrniodynaniic  transfonnation.  But  for  the  spc^cial 
case  in  which  there  la  no  temperature  change  the  computation  is 
simple. 

For  instanre^in  a  gravity  cell  (Art-  301)  there  is  practically  no 
temperature  change.  Hence,  for  every  gram  molecule  of  ZnSO* 
fonned  and  of  CuHO^  disHoeiated,  there  arc  traiisfonncd  into 
electric  energy  50,130  calories  (Art.  225).  For  one  gram  equiva- 
lent of  zinc  and  i)f  coppt^r  the  electric  energ>'  produced  would  be 
ir  =  i(50,130)  calories.  Now  the  charge  carried  by  one  gram 
equivalent  of  any  sort  of  ion  etjuals  96,530  coulombs.  Hence,  the 
electromotive  force 


(4 .2)  (25065) 
96530 


=  1.09  vol  t«. 


317.  The  Accumulator  or  Secondary  Cell. — The   two  poles  of 

an  electric  cell  nuist  l»e  different.  In  nif)st  cells  the  poles  are  plate.s 
of  <iifferent  metals.  But  two  plates  of  the  wiine  material  may  be 
made  different  by  electrolysis  and  thereafter  function  as  an  ordi- 
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nary  ceU.    For  example,  if  electric  current  be  passed  through  a  cell 

oonaiating  of  two  plates  of  lead  sulphate  ininieniiod  in  a  dilute 

aqueous  solution  of  sulphuric  acid,  the  anode  will  be  clianged  into 

Ittid  peroxide  and  the  cathode  into  metallic  lead.     If  the  outside 

source  of  electric  energ>'  Ix*  n-moved  and  the  two  plates  lie  joined, 

a  current  will  l>e  set  up  in  the  f>piK>site  4lir(M'tinn.     That  Ls,  in  the 

outside  circuit  the  current  will  be  from  the  peroxide  plate  to  the 

metallic  lead  plat<^.     During  the  flow  of  this  enrrent,  each  plate 

will  gradually  be  transformed  l)ack  into  lead  sidphate.     When 

both  plates  become  aUlce  the  current  will  ceaae. 

An  electric  cell  in  whi<'h  the  difTcrence  of  the  two  plates  has 
l^een  produced  by  the  action  i»f  a  current  is  called  an  electric  accu- 
mulaiort  secondary  cell,  or  nioragf  ceil.  Before  an  accumulator  can 
protluce  a  current  it  must  U?  "  char^^ed  ''  by  means  of  an  out^side 
source  of  electromotive  force.  An  accumulator  can  l>e  rej)catediy 
charged  and  discharged.  A  cell,  such  as  heretofore  considered, 
which  doea  not  need  to  be  charged  is  often  called  a  "  primary  " 
cell. 

When  a  storage  battery  is  being  charged,  the  charging  electro- 
motive force  must  be  greater  than  the  coutitcT  electromotive  force 
of  the  battery. 

318.  Electrolytic  Conduction. — When  oppositely  charged  elec- 
trodes are  placed  in  a  soUilion  cnnt;i.iriing  ions,  there  are  set  up 
two  processions  of  ions  uiuvinp  through  the  solution  in  opposite 
directions  toward  the  elcctrmies.  With  the  transfer  of  matter 
there  is  also  a  transfer  of  electricity.  This  transfer  of  electricity 
constitutes  the  ele<'trir  current  Ihroush  the  li(]ni<l.  Except  iri  the 
case  of  liquifl  metals,  all  electric  conduction  through  liquids  is  due 
to  ions,  and  lifjuids  withf>ut  ions  are  injii-coiiducting.  The  degree 
of  comiuctivity  of  a  solution  de|x'nds  upon  the  numljcr  and  speed 
of  its  ions.  The  spee<i  of  an  ion  deix'n<ls  largely  upon  the  number 
of  molecules  of  the  solvent  that  adhere  to  the  ion  and  so  impede 
its  movement. 

A  solution  without  ion»ii  is  rioncoriductttiK.  A  solution  of  fiugar  in  w:iter  i& 
min-condiintinK  A  ivilijlion  nf  fliKUuin  ohlorido  in  water  is  riintlurting  The 
degree  i)f  ioniaatioii  of  u  solute  in  solution  ia  meaaurwl  by  tlie  conductivity  of 
the  aoluUoD. 
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SoLV£i>  Problems 

Problem. — Find  the  raa«s  of  copper  (atomic  mtu*s  03.2,  valence  2), 
will  hf<,  dnprMili'iI  in  ono  hour  by  »  current  of  5  amperes  tmversing  a  soIuI 
whirl)  cuntjiiuK  i^upiHT  ions. 

Solution. — From  (197)  the  dcotrochemical  equivalent  of  copper  ia 


«»- 


i<63-2) 
(06530) 


0.0003273S  g.  per  coulomb. 


From  (165)  the  mass  depositod  in  one  hour  by  a  current  of  5  amperes  \* 
w( ««//)  =0.0003273rf*(6)(3fl00) *5.89  g. 


Probleu. — In  order  that  n  deposit  of  nickel  may  not  be  granular  the 
rent  must  not  exceed  O.fXX}  ump.  per  stj.  cm.  surfnrt*  of  the  arfirle  being  ciPfr 
troplated.  Using  a  current  of  this  density,  find  hi>w  long  a  time  is  rcquiml  W 
de|K)sit  on  an  object  hjiviiig  a  surface  uf  one  scpmre  meter  a  coating  of  nickel 
0.006  cm.  thick.  The  density  of  nickel  is  8.9  g.  per  cc,  the  atomic  inii«  >• 
58.6,  and  the  valence  is  2. 

Solution. — From  (195), 


The  mass  of  dciuwit, 


■ 


m[=rfK|-R.fi(IO0'x0.00fi)-534g. 


Tl»e  electrochemical  equivRlcnt  of  nickel.  (197), 


1  =  -^^]  =*-^^?-^*-0.0003g.  per  coulomb. 
[     i)0530j       9G530  *  *^ 


The  allowable  current, 


/=0  003(100)5=30  amp. 


Hence,  the  time  of  deposit, 


[-S] 


534 


fl  0003X30 


-6S700SCC. 
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i3.  Instrurnenta  f<rr  Measurijig  CurretU,  Potential  Difference  and 

Resistance 

319.  Current  Measuring  Instruments. — Currents  can  be  meas- 
ured by  (a)  the  amount  of  metal  deposited  from  a  solution  in  a 
giyeii  time  (Art.  315);  (fa)  the  heat  developed  in  the  current- 
carr>'ing  conductor  (Art.  .300);  (r)  the  force'  m'tino-  on  the  cur- 
rent-carrying conduetor  when  iiituatt'd  in  a  niaguetic  field  (Art. 
2B5).  The  last  is  the  most  eonunou  method.  It  depends  upon 
the  fact  (hat  when  a  eurreiit-earryina;  ci>ndiirtor  is  in  a  magnetic 
field,  the  conductor  and  the  held  tend  to  move  relative  t-o  one 
aoolher.  We  have  in^ruments  having  (1)  a  movable  magnet 
Dt^r  a  fixed  current-carryiufr  conductor;  (2)  a  nujvabk'  rurrent.- 
t'am'ing  conductor  near  a  fixed  magnet;  (3)  a  nioval^lc  current- 
canning  conductor  near  a  fixed  current-carrying  conthictor. 

ExauipUrrs  of  the  various  tyiK's  will  now  b<^  considered. 
,       320.  The    Tangent   Galvanometer.^ A    galvanometer    is    an 

(instrument  for  measiuing  electric  current  In  Art,  295  it  was 
8h(twn  that  a  current-<'arrv*tng  conductor 
|W»  a  magnetic  field,  and  jxnpendicular  to 
Mt,  is  acted  upon  by  a  force,  and  tlmt  the 
•  Jiiagnilude  of  the  cnrnuit  can  Ix^  expressed 
illi  terms  of  this  force,  the  iutH^nsity  of 
I  the  magnetic  field,  and  the  length  of 
I  the  conductor  situated  in  it.  The  taii- 
fcnt  galvanometer  is  an  instrument  by 
Jwhieli  electric  curn»nt  can  Ik'  di'leniiiiied 

!from  the  force  Ix^twcen  a  eiirrent-carni'ing 
ttmduetor  and  a  eoHi[)asy  needle  sus- 
pended in  the  earth's  magnetic  field. 
It  consists,   Fig.  30.5,  of  a   circular  coil 

,  of  wire  of  large  radius  at  the  center  of  which  m  a  delicately  sua- 
[peude<l  e^mpa^s  needle  of  short  length. 

In  using  the  instrnmeni:  the  plane  of  the  coil  is  placed  in  the 

i earth's  magnetic  mcriihan.     Due  to  the  earthV  magnetic  field,  the 
needle  tends  to  set  itself  in  the  plane  of  the  coil.     Due  t«  the 
l^tuagnetie  field  of  the  current  in  the  coil,  the  needle  tends  to  set 
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itself  pen^ii'^licular  to  the  plane  of  the  coil.  The  resultant  foi 
acting  on  carh  pdle  of  the  needle  will  be  inchned  to  the  magnetic 
mcridiiin  of  tlio  earth  at  some  angle  Q.  ConscMiueiitly,  the  needle 
will  turn  till  its  niii^netic  axis  is  in  the  line  of  action  of  this  result- 
ant force.  Tlmt  is,  the  needle  will  l>e  deflcct< 
^^  from  the  earth's  meridian  through  an  angle  0.     Thc^ 

^r  relation  between  tlic  current  and  this  deflecti<jn  will 

U_.^^^    /     now  Ix?.  <ie(^rniinrd. 

]         /  Fig.  306  represents  a  horizontal  section  tlirough 

the  center  of  the  coil.  The  force  acting  on  each 
pole  of  the  necille  due  to  the  current  in  the  eoil  is 
rejjrej^ented  hy  the  syuibol  Ft  and  the  force  due  to 
the  earth's  magnetic  fir]d  by  the  symbol  F2.  When 
tlie  ne4'<lle  is  in  ((piihlirium  under  the  action  of 
these  forces 

Fi 


tan  0  = 


F2 


(19! 


The  values  of  Fi  and  F'_>  will  now  be  found  and  su 
,^^  stituted  in  tliis  i»quution. 

Fig.  3(KS.  The  force  acting  upon  the  needle  due  to  the  c 

rent-t^arrying  conductor  equals  the  force  acting  upon 
the  current-carrying  conductor  due  to  the  needle.  Consequently, 
(174), 

Fi^lH'I, 


wheTC  /  represents  the  total  length  of  the  circular  conductor, 
represents  the  intensity  of  the  fiehl  at  the  conductor  due  to  the 
pole  VI,  and  /  repre.mMits  tlie  magnitiido  of  the  current. 
If  the  coil  consist  of  n  turns  of  radius  r,  then 

/  =  2im*. 

If  the  pole  strength  of  the  needle  Ix;  m,  then  from  (Art^ 
since  the  pole  is  in  air, 


1 


Therefore,  when  a  current  /  traverses  the  coil,  there  is  a  force 
acting  on  the  magnet  pole  siniatecl  at  the  center  of  the  coil,  and  a 
reacting  force  acting  on  the  coil,  of  the  magnitude 

F,^  =  Un)j!^^ (199) 


If  the  horizontal  component  of  the  earth's  field  1^  denoted  by 
Hf  then  there  is  a  force  acting  on  each  pole  of  the  needle  in  the 
Dorth  and  south  direction   (163), 

F3=m// (200) 

Consequently  (198)  becomes, 


JkVT 


Whence, 


•"44;]=^"' ■  •  <»■) 

'-©'»'' ™ 


expressed  in  C.  G.  S.  elcctrotiiagnetic  units  of  current.  If  cur- 
rent is  to  be  expressed  in  amp<Tes,  the  above  value  must  be  mul- 
tiplied by   10. 

In  deriving  tliis  ecjuation  it  has  been  assiuned  (hut  the  mag- 
netic field  is  uniform  tlirou^hout  tho  region  in  \vhic'h  the  needle  is 
situated.  This  re<|uirement  is  fulfilled  by  making  the  diameter 
of  the  roil  large  coiivpannl  with  the  length  (tf  tlie  ne<H]le. 

321.  The  Sensitive  Suspended  Needle  Galvanometer. — An 
inspection  of  (201)  sln*wa  that  when  a  magnet  rnHnlle  is  at  the 
center  of  a  coil  of  current-carrjang  wire,  the  deflection  produced 
by  a  given  current  will  be  increased  by 

(1)  increasing  the  number  of  turns  of  wire  in  the  coil; 

(2)  diminishing  (he  radius  of  the  c^>il; 

(3)  diminishing  the  effect  of  the  ciirth'e  magnetic  field. 

The  third  condition  may  be  met  by  reducing  the  magnetic 
field  at  the  place  where  the  needle  is  situated  by  means  of  a  weak 
compensating  magnet.     Another  method  consists  in  using  a  pair 
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(^1 


Fig.  307. 


of  needles,  each  niaKnctizcd  so  lughly  that  il  will  Ik*  acted  u] 

strongly  by  the  nmguetic   field  of  a  neig.lilH»iing  t'Ui'reii[,  and 

fiifitoned  logethcr  that  the  system  will  l>e  but  slightly  acted  a| 

by  the  uuignelitr  field  of  the  earth.  A  fonsidenitiim  o'^ 
will  make  clear  this  method.  The  two  n-  ■ 
mounted  in  tlie  same  vertical  plane  on  n  very 
rigid  rod.  If  the  two  needles  are  alike  and  poii 
in  exactly  opposite  directions,  the  resultAJit  coU| 
due  to  the  earth  mtII  he  zero.  But  if  the  poles 
one  needle  are  Htronger  than  those  of  the  <»ther,  ll 
resultant  couple  due  to  the  earth  will  enu:d  tJ 
difference  between  the  separate  couples  acting  on  tl 
two  nwdles.    By  making  the  two  needles  nearly  alii 

the  resultant  controlling  couple  may  l>e  made  as  small  as  di«r 

Two  nearly  equal   needless  mounted   in  this  way  constitute 

'*  astatic  pair."     The  magnet 

system    is    sut^jM^nded    by    a 

minutely  tliiii  filx»r  of  quartz 

or  silk  of  very  snial!  rigidity. 
Each  needle  Ls  at  tlie  center 

of  a  coil  of  wire  of  many  turns 

and  small   radius.     The   two 

coils  are  so  connected  that  the 

current   traverses  one  coil  in 

the  cloekM^ise  direction  and  t!i<! 

other  in  the  opjxwite  direction. 

Consequei»tly,    the    deflecting 

couples     on     the     susi»ended 

magnets  due  t^o  the  currenl- 

carryuig  coils  will    Ijo   in    the 

same     din*eii<m,     while     the 

opfMHiing  couples  due    to    the 

earth's    magnetic     field     will 

almost  neutralist'  one  ariother. 
The  ileflection  of  the  rur- 

pendtMi  system  is  meai*tired  by  ob?4*'rving   (he  imaKe  uf  a 

Kontal    si'alc    rcflecteii    from    a    small    mirror  nutunUKi  oo 
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■rod  that  supports  the  magnetic  needles.  A  sensitive  astatic 
galvanomet'er  is  represented  in  Fig.  308.  To  the  riieht  of  the 
ftrumcjit  is  shown  the  suspended  system  consisting  of  the  two 
les,  iVi  and  ATg,  the  mirror  3/,  and  the  vane  V.  The  swinging 
of  this  vane  in  a  box  but  little  larger  tlian  itself  damps  out 
■vibrations  and  biings  the  susjK'nded  syst<*m  quickly  to  rest. 
Behind  the  needles  are  shown  two  Imlves  of  the  coils. 

As  the  conditions  underlying  (202)  are  not  fulfilled  in  the  sen- 
sitive  moving  -  needle    galvanometer,    this    equation    cannot    be 
to  this  instrument. 
322.  The  Suspended  Coil  or  d'Arsonval  Galvanometer. — Due 
to  the  fact  tiiat  the  niagnitiide  of  tlie  deflection  of  a  suspended 
needle  galvanometer  depends  upon  the  direction  and  intensity  of 
the  earth's  magnetic  field,  this  t>'pe  of  galvanometer  can  be  relied 
on  only  when  precautions  are  taken  to  maintain  the  constancy  of 
the  earth's  magnetic  field.     The  indications  of  a  sensitive  sus- 
pended needle  palvanonieter  would  be  considerably  modified  by 
the  change  in  the  earth's  magnetic  field  produced  by  the  motion  in 
the  neighborhood  of  the 
Uifltnmient   of  a   i»ers«n 
Hilh    a    bunch    of    iron 
keys  in  his  pocket,   the 
motion  of  a  dray  near  the 
Ijuilding,  or  the  iimtion 
of  an  electric  car  at  a 
distance  of  a  eoujjle   of 
1  iltK'ks. 

*rhe  susjx»nded  coil 
galvanometer  is  free 
from  this  serious  dis- 
advantage. This  instru- 
ment, Fig.  309,  consists: 
of  a  coil  of  fine  wire 
["iflkipended  in  a  strong 
magnetic    field    due    to 

a   permanent   magnet.     The  coil  is  supported  above  and  below 
by    a   very   fine  phosphor  bronze  or  steel  wire  that  serves  to 


Fiu.  309. 
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connect  the  coil  with  the  sourci.'  of  the  current  that  La  to 
mcasui-ed. 

Thi^  jn'tioii  of  the  magnetic  field  ihw  U)  the  permanent 
net  aud  tlie  (nirrent-CHirj-ing  coil  can  be  siudied  in  Figs.  310,  311 
and  312,  which  represent  a  single  reetaiiguliir  l(M)p  of  wire  capal 
of  rotation  aUmt  an  axis  normal  to  the  plane  of  the  paper, 
loop  is  within  a  gap  betwtfcn  the  j>oles  of  a  jx^nnanent  magnt 
Imagine  an  electric  current  flowing  in  a  loop  of  wire  as  indicated 
in  the  following  dingranis. 

Wilii  the  eurrt-nt-H'arn'ing  conductor  in  the  position  shown  in 
Fig,  310,  the  resultant  magnetic  field  above  A  is  stronger  than 
tliat  below  A;    whereas  the  resultant  magnetic  field  above  B  is 


Ml-^ 


mm^ 


W 


Fiu.  310. 


Fig.  311. 


Fiu.  312. 


weaker  than  Uiat  Mow  B.     CorKsequeiitly,  A  will  be  urged  down- 
ward and  B  upward.     Th<*refore,  tht^  loop  is  acted  U]xiii  by  a 
torque  in  the  clockwise  direction.     Wlien  in  the  position  shown 
in  Fig.  311  the  torque  acting  on  the  loop  has  a  maximum  magni- 
tude and  is  in  the  name  direction  as  l)efore.     Wlien  in  the  position 
shown  in  Fig.  312  the  tonjue  is  zero.     If,  by  means  of  some  out- 
side agent,  the  loop  be  turned  past  the  |x>.sition  shown  in  Fig.  312, 
the  loop  will  ix*  acird  txixiu  by  a  torque  in  the  counter-eloekwise     ' 
direction  which  will  urge  the  loop  haek  into  the  position  shown  iigH 
Fig.  312.     It  is  thus  seen   that  with  the  current  flowing  from  A 
toward  if,  tliere  will  be  developed  a  torque  that  will  t-end  to  rotate 
the  loop  till  its  plane  is  perpendicular  to  the  direction  of  the 
external    magnetic    field.     ThL*?    toique    is    opposed    by    another 
torque  develoix^d  in  either  a  straight  suspending  wire,  Fig.  309,  or 
a  flat  spiral  spring. 

If  the  intensity  of  the  magnetic  field  in  which  the  coil  is  situated^ 
is  unifonn  and  the  lines  of  force  parallel,  as  represented  in  l-he 
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above  diagrams,  the  lever  arm  of  the  force  acting  upon  the  cxit- 
rcnt-<'arr>'ing  conductor  will  vary  from  a  maximum  when  i\w  plane 
of  the  coil  is  parallel  to  the  uiiiguetic  field,  Fig.  311,  to  zero  when  the 
plaoe  of  the  coil  is  perpendicular  to  the  field,  Fig.  312.     XJiider 
theae  conditions  the  deflection  will  not   be  proportional  to  the 
current  in  the  coil.     If  the  lever  arm  of  the  force  and  also  the  inten- 
sity of  the  magnetic  field  were  constant,  then  the  deflection  would 


i 


» 


Fio.  313. 


Fig.  3U. 


proportional  t«  the  current  in  the  siispended  coil.  This  result 
can  be  attained  by  having  the  suspciuied  roil  in  an  annular  air 
gap  between  a  stationary  cylindrical  soft  iron  core  and  coaxial 
pole  pieces,  as  in  Fig.  313.  With  this  arrangement  the  magnetic 
field  in  which  the  coil  ia  flituate<i  is  radial  and  of  constant  strength. 
Hence  the  lever  arm  and  force  are  constant.  One  type  of  portable 
galvanometer  iLsing  this  de\'ice  is  shown  in  Fig.  814. 

The  magnetic  field  of  force  within  wliich  tlie  coil  is  suspended  is 
so  intense  compared  with  the  earth's  magnetic  field  tlmt  it  would  be 
inappreciably  affected  by  any  alteration  of  the  cjirth's  field.  This 
inatniment  can  be  used  where  the  earth's  field  is  altered  by  masses 
of  moving  iron,  moving  electric  machiner>',  or  variable  electric 
currents.  Though  not  so  sensitive  as  the  most  sensilive  sus- 
p<'nded  needle  galvanometers,  the  suspended  coil  galvanometer 
IS  much  more  generally  useful. 
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323.  The  Electrodynamometer. — Fig.  315  represents  two  ooi 

of  wire  with  the  planes  r)f  the  coils  vertical  and  indinwi  to  oi 
another.  The  large  coil  is  stationary.  The  smaller  coil  ie  si 
pendcd  within  the  larger  coil  by  means  of  two  fine  wires  of  8U( 
rigidity  that  it  can  easily  turn. 

If  a  ciirreiit  traverses  the  coils  in  the  directions  indicate 
the  inner  coil  will  tend  to  turn  till  it  is  in  the  plane  of  the  larger 
and  the  currents  in  the  adjacent  comhiclors  are  in  the  ftanie  direo-" 
tion.     The  torque  wliich  tends  to  jiroduce  rotation  depends  uj 
the  current. 

If  t  he  direction  of  the  current  be  reversed,  there  will  he  a  torqi 
whif'h  will  tt^iid  to  t  urn  t  he  inner  coil  in  t  he  same  direction  as  befoi 
If  the  direction  of  the  current  be  i-eversed  many  times  per  secondj 
there  will  lie  a  torque  ai'tlng  on  the  inner  coil  as  before. 


Fw.  315. 


Fig.  316. 


An  instrument  making  use  of  this  action  for  the  measuremeal 
of  a  current  is  called  an  eUctrodynanictncier.  As  it  contains  no 
iron  it  is  not  sensitive  to  outside  magnetic  disturbances.  The 
electrod\'naraometer  can  be  used  for  the  measurement  of  direct 
or  alternating  currents,  but  it  is  more  often  used  for  alternali 
currents. 

If  an  alternating  current  produces  the  same  torque  as 
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unvar^'ing  direct  current  /.  the  alttniatiiig  current  is  said  to  bo  of 

the  ma^itude  /. 

An  instrument  of  this  type  is  shown  in  FiR.  316.    The  instni- 

'nt  here  shown  consists  of  an  inner  stationai-y  coil  of  heavy 

iro  and  outer  coil  of  fine  wire  capable  of  rotation  about  a 
TOlical  axis.  The  current  traversing  the  two  coils  develo[Js  a 
torque  which  is  opposed  by  a  spiral  spring.  The  current  is  indi- 
cateti  either  by  the  amount  of  rotation  of  the  movable  coil,  or  by 
ibe  amount  the  upi>er  end  of  the  control  spring  must  be  turned  to 
kwp  the  movable  coil  in  the  zero  position. 

%%L  The  Weston  Electromagnetic  Galvanometer. — In  FiR.  317,  the  cur- 
wnl  trtivcrsKW  a  coil  C  of  few  turns  of  heavy  wire.  Coticontrii^  with  the  coil 
4nr  iwo  strips  of  soft  iron.  — the  outer  one,  ,1,  Pt-ationary, 
tl»e  inner  one  D,  movable  ab(jut  iin  axis  peri>cndiruliir  to 
llw  pl*ne  of  the  diftgram.  A  current  traversing  the  roil 
■ill  ilevclop  magnetic  [K>les  of  the  same  aort  on  the  edges 
of  tl«!  iron  strips  which  face  the  reader.  A  pole  of  the 
oppoiite  sort  will  be  developed  on  the  edges  away  from  the 
wader. 

Due  to  the  repulsion  of  similar  [Miles,  the  movable  strip 
°'  imn  will   rotate  cloekwise      The  direetion   of  rotation 
•ill  \ie  the  same  if  the  direiliun  of  the  current  be  revpnted 
%  Httuching  a  [lointer  to  the  movable  Hirip  of  iron  and  opposing  the  rotation 
°y  a  spring,  deflections  will  be  obtained  which  depend  upon  the  currents 
•"nj)ioye<i. 

325.  The  Thompson  Inclined  Coil  Galvanometer. — A  third  device  which 
*iU  tneaaure  either  alternating  or  direct  currentfl  is  represented  in  Fig  318. 
^is  device  consists  of  either  one  or  two  strii*;  of  soft  iron  a  uud  h  al  tuched  to 
>n  axle  inclined  to  the  axiit  of  the  current-iarrj'ing  coil  CC.     \\  hen  n  current 

traverses  ihn  coil  I  here  is  develofK'd  within  the  coil  a 

maftnetic  field  in  the  direction  of  the  axis  of  the  roil. 

The  two  soft  iron  strips  lend  to  set  thcinsi'lvea  into 

the  dirortion  of  iho  fii.*ld,   that  is,  axial  to  the  coil 

aa  represents]  in  Tip.  'A\H.    The  direction  of  rotatiim 

from  the  zero  piisition  will  lie  the  same  whichever  be 

the  direction  of  the  current. 

Rotation  is  opposed  by  a  spiral  spring  not  shown 

in  the  diafcranji      The  torque  acting  upon  the  mov- 

r.,^    «,Q  able   system   is   iiidirated   by  a   pointer,   P,   which 

rlG.    <5io>  *,  r    I       I- 

moves  in  a  piano  nonnal  to  the  plane  of  the  diagram. 

326.  Galvanometer  used  Ballistically. — The  quantity  g  of  an 
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electric  discharge  can  Ix*  oieasured  by  means  of  a  galvanomet 
having  a  susjiended  aj'steni  wliich  will  not  move  appreciably  fi 
the  zero  position  until  the  entire  (quantity  has  traversed  the  coU 
The  required  slowness  in  getting  started  in  effected  by  mal 
large  the  moment  of  inertia  of  the  moving  system.     A  galvaw 
eter  having  a  moving  system  of  sucli  great  moment  of  inert! 
that  it  can  be  used  for  the  measurement  of  the  quantity  of  an  el< 
trie  discharge  is  ciilled  a  baUisiic  galvufwnicler.     Any  galvanomet 
of  suffici<Mit  sensitivity  can  l)C  arranged  so  as  to  be  used  ballistically. 
327.  The  Ammeter  and  the  Voltmeter. — -The  scale  of  any  gal- 
vanometer may  be  divided  so  as  to  indicate  directly  in  amperes 
the  current  pa>wiiig  through  it.     The  resistance  of  the  instruniei 
may  be  such  Ihat  on  introducing  the  galvanometer  into  the  t*ir-1 
cuit,  the  change  thereby  produced  in  the  current  will  be  negligiUe. 
^  A    gah'anfjnieter   provided    with   a  scale 

vidcd  so  as  to  indicate  amperes  directly, 

called  an  amrneler. 

If  a  galvanometer  be  joined  to  two  point 

a  and  b.  Fig.  319,  between  which  a  potenti 
Fir,.  319.  difference  exists,  a  current  will  traverse  the 

instrument.       Representing     the     potential, 
difference  between  a  and  b  by  Vab,  and  the  galvanometer  rrsb't 
ance  by  r„  the  current  through  the  galvanometer  will  be,  (184), 

u  = — . 


I 


This  current  will  produce  a  certain  galvanometer  deflection. 
If  the  galvanometer  cuiTcnt  l>c  exjin'ssed  in  ampere*,  and  the 
galvanometer  resistance  in  (thnis,  then  the  potential  difference 
between  a  and  b,  expressed  in  volts,  will  be  j 

For  example,  if  the  current  through  the  galvanometer  were  O.OMi^ 
ampere,  and  the  galvanometer  resistance  were  100  ohms,  then 
potential  difference  at  the  galvanometer  t-erminals  would  be 

V^  =  (0,005)  1  (X)  =  0.5  volt. 

If  each  scale  division  of  the  galvanometer  be  marked,  not 


the  amperes  necessary  to  produce  the  given  deflection,  but  the 

J>rc>diict  of  that  current  and  the  gjalvanometer  resistance,  then  the 
divTsions  of  the  scale  will  indicate  the  f>otentiaI  differences  at  the 
^vanometer  terminals  which  will  produce  the  various  deflections. 
TInLs  the  place  where  the  pointer  came  to  rest  when  used  a-s  above 
would  not  be  marked  0.005  ampere,  but  would  be  marked  0.5 
volt,  A  galvanometer  having  a  scale  divided  so  as  to  indicate 
volts  directly,  Ls  called  a  voltmeter. 

A  voltmeter  indicates  the  ix>t('ntial  difference  at  its  tenninals. 
If  it  be  required  that  the  pf>t^ntial  difference  Ijctween  two  |x)ints 
shall  not  Ijc  appreciably  allrrcd  l>y  iM'iriK  joined  to  lh4"  terminals 
ofa  vdltnictcr,  the  resistance  of  th*.;  ia.strument  must  be  largo. 

328.  The  Shunted  Ammeter.  In  order  that  the  torque  acting 
on  the  moving  system  of  a  pdvatiometer  may  be  fairly  large, 
either  the  coil  muKt  contain  many  turns  t)r  the  current  nuist  be 
large.  In  order  that  the  moving  system  of  a  mo\ing  coil  galvan- 
"iii(?ter  may  not  be  text  heavy,  the  wire  must  he  of  small  iliaiiiet^^r. 
A  I'oil  of  many  turns  of  hue  wire  will  have  a  rather  high  resLstance. 
The  imual  resistance  of  ammeter  and  voltmeter  coiln  is  100  ohms. 
Only  small  currents  can  be  pas.*4cd  safely  throuifh  ctjils  cif  fine 
>^re  on  account  of  the  heat  develojx'd  in  the  coil.  Again,  the 
tsistance  of  such  an  instrument  would  appreciably  alter  the 
IMtgiit  which  it  is  desired  to  measure.  We  thus  see  thfd  the 
Sfetance  of  the  coil  of  a  mo\'ing  coil  galvanomelx'r  must  be  large, 
while  the  resistance  of  the  instrument  must  be  small. 

These  conditions  are  met  by  connecting  to  the  tenninals  of  the 
coil  a  by-pass  or  *'  shunt  "  tluough  which  tlu'  gn^ater  part  of 
the  current  will  pass.  The  current  traversing  the  shunted  gal- 
vanomet-er  coil  is  so  small  that  the  coil  is  not  overheated.  By 
adding  a  proper  shunt  to  the  gtJvanomcter,  the  resistance  of  the 
instrument  c^n  be  made  so  small  with  respect  to  that  of  the  re- 
mainder of  the  circuit  that  the  introduction  of  the  instrument  will 
guiBe  no  appreciable  change  in  the  cunciit. 

^■omctimcs  galvanometers  are  provided  with  several  shun(.s 
^mich  resistance-s  that  without  any  shunt,  a  deflection  across  the 
Rrhole  scale  will  be  produced  by  a  current  of  0.1  atni>ere;  with  the 
first  shunt  the  same  current  will  traverse  the  coil  and  protluce  the 


4 
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samp  deflection  when  the  Une  current  is  one  ampere;  with  the 
second  shunt,  the  same  current  will  traverse  the  cod  when  the  hne| 
current  Ls  10  amperes;  and  8o  on.  In  other  words,  without  a' 
sliunt,  the  dellcrti(ja  indicates  the  current  in  tho  Une.  With  the] 
first  shunt,  the  Hue  current  Ls  10  times  the  scale  reading,  and  so  on. 
The  rnuidier  by  which  the  current  throuj^h  a  galvanometer  must 
be  multiplied  in  order  to  obtain  the  value  of  the  current  in  thCj 
main  line  is  callcil  the  tnidiipUjitm  fmwer  of  the  shunt. 


Solved  Problems 


[Phobleu. — A  Kalvanometcr  is  to  be  provided  with  :i  shunt  w)  t\s  to  Jw  used] 
as  an  ammeter.     P^iiiil  tlie  resLslatiio  of  X\w  Hlmnt,  iHiiniiiiriHi  with  that  of  i\» 
^vaiiometer,   so   that   llir  multiplying  power  o^  *'j 
-p.^  shuiU  dhall  be  100. 
"HCKI Solution.— vSinee  the  fali  of  pot«i»tial  V"j  throu*^ 
(.                        the    galvannmrtor   eqii/ila    the    fall    of    [KUcnlm^  *  • 
^'^^                   throuRh    the  shunl,   Vp^Vf.     Representing  the  c^'* 
P       -.^                rent   in  the  line  by  I,  that  in  the  (isilvanometor  by  *^ 


V»=^#^j     or 


Wc  shnll  now  find  n  value  for  the  right-hand  member  of  this  equation  in  le^^ 
of  the  quantities  given  in  the  problem. 


and 

Hence 


r 


or 

i,    99* 

Substituting  this  value  in  the  above  equation,  wo  obtam, 

Consequent ty,    m   onlcr   I  hut   the  multiplying   power  may  be    100,  tl»®' 
resistance  of  the  shunt  must  have  the  value 


^1  = 
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Pbobl£m. — Find  the  resistance  which  an  ammeter  must  have  in  order 
^t  in  intHHluciiig  the  inf^tnimfnl  into  a  circuit  of  resist-ancc  20  ohms,  the 

it  stuUl  nut  (!«»cri'-ti*io  uiun*  ttmu  oiie-UMith  of  niw  jmt  cviit. 
SoLfTioN. — The  current  /  in  ihf  rlrcuit  before  the  introduction  of  the 
lent   is 

20 
currenl  /'  after  the  introrlurtion  of  an  instrument  of  resistance  r,,  ia 

E 


/'  = 


20 +r. 


iing  each  member  of  the  former  equation  by  tlie  corresponding  member 
Utter,  and  remembering  that  /'>  0.999/, 


Whence, 


I      ^20H-r, 
0.999^     20    ' 

r,^0  02ohm. 


329.  The  Voltmeter  Multiplier. — Supixise  that  0.01  ampere 
flowing  through  ti  HHJ-oliiti  ^;ilv:iiioiiR-l<r  pmthires  u  rloflcction 
^•ro88  the  entiix'  suiili*.  Tln-n,  the  inaxiiiiuin  poU'iiLiat  dilTerence 
^hat  can  be  meastired  will  be,  (184), 

Vot,[  =  i,r^]  =  (0.0 1)  100  =  1  volt. 

The  same  deflection  would  be  produced  on  connecting  the 
*^stniment  to  two  jMjints  having  a  pott-'nliul  difTcrence  of  10  volts 
^  there  wore  put  in  serii's  with  Uic  galvanometer  a  resistance  Vm  of 
*  Value  given  by  Ihe  (Mjualii*ij  (IHl) 

(O.Ul)  (UK)  +  r„)=10  volts. 

That  Ls,  the  range  of  the  instrument  would  be  increased  10  times 
by  putting  in  scries  with  the  galvanometer  coil  a  resistance 
r»  =  900  ohms. 

In  general,  if  a  current  /^  will  cause  a  given  galvanometer  of 

^-TCBtetance  r,  to  give  a  full  Hcale  deflection,  the  galvanometer  can 

be  iwed  to  measure  potential  differences  up  to  a  value  F'a*  by 


I 
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placing  in  series  with  the  galvanometer  coil  a  resistance  r«  ha 
the  magnitude  given  by  the  relation,  (184), 

T^'aft=z,(r,+r.) (aoa) 

The  device  of  resistance  Vm  placed  in  series  with  a  galvanometer 
coil  for  the  purpose  of  increasing  the  range  of  the  potential  diff» 
ences  that  can  be  measured  is  called  a  voltmeter  muUiplier. 

In  case  one  does  not  know  the  maximum  current,  z, ,  but  doe* 
know  the  maximum  voltmeter  reading  without  the  multiplier,  F, 
the  above  equation  assumes  the  form 


F'.^=-(r,-hr«), 


(204) 


Solved  Problems 


Problem. — A  voltmeter  haA  a  coil  of  resistance  r^  and  a  multiplier  of 
resistance  rm.  Find  the  value  of  the  resistance  R  which  must  be  added  to  tl» 
instrument  to  increase  the  range  of  the  scale  n  fold. 

Solution. — A  given  deflection  is  due  to  the  same  current  in  the  galvanom- 
eter coil  whatever  the  potential  difference  at  the  terminals  of  the  instrumeDt 
If  a  potential  difference  n  fold  as  great  as  another  is  to  produce  the  same  cu^ 
rent  in  the  galvanometer  coil,  the  total  resistance  d 
.1       the  instrument  must  be  increased  n  fold.     Therefore, 

n  n  ft 

there  must  be  added  to  the  instrument  a  resistance 
(n  — 1}  times  aa  great  as  the  original  resistanea 
Thus  the  required  added  resistance  R  has  tbt 
value 

R^{n-lKrm+r,). 

Problem. — A  galvanometer  is  to  be  provided  with  a  series  resistance  so  as 
to  be  used  as  a  voltmeter.  Find  the  resistance  r,„  of  this  multiplier,  cod- 
pared  with  the  resistance  of  the  galvanometer,  so  that  the  multiplying  power 
shall  be  100. 

Solution. — From  the  condition  of  the  problem, 


Fio.  321, 


or,  (203),* 
Whence, 


Vuft^lOOV:,, 
V(r,+rJ«100v-^ 


99r,. 


-^(Dr^ 


Fio.  322. 


Problxii. — The  potential  difference  is  to  be  measured  at  the  ends  of  • 
wire  of  10  ohms  forming  part  of  a  circuit  of  constant  electromotive  fora 
and  total  reeistanoe  200  ohmB.    Find  the  reeiBtance  which  a  vt^tmetar  t 
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lave  in  order  that  on  introducing  the  iiis'ritmcnt,  the  potential  clifTcronne 
betveen  the  given  pointe  shall  not  be  diminished  more  than  omvteiith  of  1 
per  cent. 

SoLmoN. — Rcpreaenting  the  required  resistance  of  the  voltmeter  by  r, 
the  potential  differenc-e  between  the  ]>otnt»  n  and  h  before  and  after  the  intro- 
dnrtioo  of  the  voltmeter  by  X'ab  and  T'o*.  rjwpoetively,  and  the  current  in  the 
nain  line  in  the  two  oases  by  /  and  /',  respectively*  we  have,  (184)  and  (189), 


■■-■m 


chd:..:^ 


b 
Fig.  328. 


Dividing  each  member  of  the  former  etjuatinn  by  the  corresponding  member 
of  tlK-  latter   and   remembering    that   fri»m    Uic    eonditionB   of  the  problem 

oi'f.'^' '»' 

A  vftlue  for  the  ratio  ///'  wiU  now  be  obtained  and  substituted  in  this 
"qiialion.     From  (182) 


ftQd 


£=7200, 


\  10  +  r/  V       '0+'-      / 


^Viding  each  member  of  the  former  equation  by  the  corresponding  member 
^  the  latt«r 

i        lft+2r 

/'~2(l04-r)' 

^Substituting  this  value  of  ///*  in  (205), 

1      _   I9+2r    lfl-|-r_19+2r 


Mrhence, 


0.999  ^2(  10 -hr)      r      ^      2r 


r>  9490  ohms. 


330.  The  Wattmeter. — The  power,  cxpresse<i  in  watts,  supplied 
to  any  part  of  a  circuit  equals  the  product  of  the  current,  expressed 
in  aniix^res,  and  the  potential  difference,  in  volts,  between  the 
two  point*  considered  (187),  The  current,  and  the  pM)tential 
difference    ran    be    measured   by   an   ammeter  and  voltmeter, 
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respectively.  A  single  instrument,  however,  can  be  constructed 
which  will  give  a  deflection  dependirig  upon  the  product  of  the 
current  and  the  potential  difference.  An  instrument  which  indi- 
cates directly  the  power,  expressed  in  watts,  is  called  a  waUnuier, 

The  torque  acting  on  the  moving  coil  of  an  electrodynamom^cr, 
Figs.  315  and  316,  depends  upon  the  current  in  the  fixed  coil  and 
also  the  current  in  the  movable  coil.  If  the  instrument  be  m 
connected  to  a  circuit  that  one  coil  is  traversed  by  the  entire 
hne  current,  and  the  other  coil  is  traversed  by  a  current  which 
depends  upon  the  potential  difference  at  the  points  considered,  then 
the  torque,  and  consequently  the  deflection,  will  depend  upon 
the  watts  expended  between  the  points  considered. 

Fig.  324  represents  the  stationary  or  current  coil  BB  of  a  watt- 
meter of  the  electrodynamometer  type  connected  in  scries  with 


rTTT^T 


Fig:  324. 


a  circuit,  and  the  movable  or  potential  coil  A  connec^t^'d  across  the 
points  a  and  b  of  the  circuit  untler  examination.  In  order  that  the 
deflection  of  the  movable  coil  may  l>e  proportional  to  the  line 
current,  the  current  traversing  the  potential  coil  is  passed  through 
a  compensating  coil  wound  over  the  curnuit  coil  in  such  a  direc- 
tion that  the  magnetic  field  set  up  by  the  current  in  the  comjwn- 
sating  coil  just  neutralizes  that  produced  by  the  part  of  the  cur- 
rent in  the  current  coil  which  is  due  to  the  current  taken  from 
the  line  at  a5.. 

331.  The  Wheatstone  Bridge. — This  is  the  device  most  com- 
monly used  for  the  comparison  of  electric  resistances.  Consider 
two  conductors  ABC  and  ADCj  Fig.  326,  joined  in  parallel  to  the 
terminals  of  a  battery.  Corresponding  to  anj-  point  B  on  the  con- 
ductor ABC,  there  is  a  point  D  on  the  conductor  ADC  which  is  at 
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the  same  potential.    If  two  such  points  be  joined  by  a  conductor 

BD,  no  current  will  flow  along  this  bridge  wire.    Represent  the 

potentials  at  the  points  A,  B^  C 

and  Dj  by  the  symbols  Vaj  Va, 

Vc  and   Voy   respectively.    Let 

the  resistances  of  the  arms  ABy 

BCf  AD  and  DC  be  denoted  by  ri, 

Ts,  fa  and  r*,  respectively.  Let  the 

current  intensities  in  these  arms 

be  ti ,  12, 1*3  and  u,  respectively.  In 

the  case  considered,  since  Vb=Vd, 


and 


Vb-Vc=Vd~Vc. 


Or,  expressing  these  potential  differences  in  terms  of  current  and 
resistance, 

tin  =  tars 
and 

Also,  when  VB=VDt  no  current  traverses  the  bridge  wire  BD. 
Then  ti  =  i2  and  Z3  =  t4.  Whence  dividing  each  member  of  the 
former  equation  by  the  corresponding  member  of  the  latter, 


r2    u 


(206) 


Thus,  if  any  three  of  the  resistances  are  known  when  no  cur- 
rent traverses  the  bridge  wire,  the  remaining  unknown  resistance 
can  be  determined.  A  galvanometer  in  the  bridge  wire  indicates 
the  presence  or  absence  of  current.  The  usual  form  of  Wheatstone 
bridge  consists  of  a  box  containing  three  groups  of  coils  of  known 
resistance,  with  convenient  arrangements  for  altering  the  resist- 
ance of  each  group.  When  made  for  laboratory  use,  the  box 
containing  the  coils  is  separate  from  the  galvanometer  and  the 
batteiy. 
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U  one  arm  of  a  Wheatstone  oridge  mclufle  a  rer>'  thin  Htrip  of  nHil' 
higli  tPiTiperoturoreaistAncc  coefficient,  vcr>*  sm&U  changcN  of  U^mpermtilRi 
be  nieii^urcd.     This  deWce,  called  the  bolometer,  is  much  useti  for  f«i 
radiance.     The  n«i8t«nces  of  the  bridge  aims  are  firet  adjuflte«J  till  no 
tnveraes  the  galvanometer  when  the  bolometer  strip  is  screened  from  nt 
If  now  th*>  b4jloiiiet«r  atrip  be  exfioaed  Ut  mdinnce,  it  will  fthnurb 
rise  in  tem)>erature  aiid  in  resistance .    Tlie  bridfce  l>eing  lliereby  unl 
a  current  will  travers^c  the  galvanometer      The  deflection  of  the 
depends  ujwn  the  radiuncc  incident  on  the  bolometer  rtrip. 

The  tunffsten  ilnyli^t  recorder  inchidcs  a  \>'henl*tone  bridge  circuit 
one  Arm   of  which  there  in   it   group  L  of  tung;<teii  lamps.     While    (t^t 
y  ejtcluded,  the  resistance  of  the  arm  W 

adjiiAt4Hl  till  there  in   no    gHlvitniinvt 
deflection.     On   cxpofliniE    the    tuxipirt- 
lamps   to   light,    the    resistjinc«*   of  tir 
tunpilen  inrreaMS  and  the  gal\*&nomet4T 
is  defl«!ct**d.     By  incjuiis  of  a  relay, 
shown    in    the  (iKure,  nunhined  with 
Ualvtuiometer.  ii  nliHe  »  i»  uiovrd  till  (I 
bridge  ia  ngnin  in   balance       It   is 
fiinplarenieiii   of   iKia  slide  that  ii  fv- 
corded  by  a  pin  on  a  moving  strip  of  pai»er. 

Sound  waves  in  air  sweeping  ptutt  n  thiu  heated  wire  tmxat  a  iCg^ 
dimitiution  of  teni|wniture.  Vanutions  of  aiound  intensity  can  be  ntist^iiml 
by  means  of  a  Utlomcter  circuit  in  which  auoh  n  hot  wire  i^ristilulirvionearTii 
Thi»  lA  the  ba^ia  of  a  sound  ranging  mettiod  developed  by  the  U.  H.  Amy. 

332.  The  Intematioiuil  Electric  Units. — In    precwling 
cles  th**  absolute  and  the  pnictirul  C.  (J.  S.  elect rotnu^iuTtir  uuil 
of  electromotive  force,  current,  resistance,  etc.,  have  been  de< 
But  all  of  thc^se  units  are  <lif!iciilt  to  renlizi!  exptTiTnen tally.     I'\ 
the  purpose  of  electiical  meaaurements  and  aa  a  basis  of  legii^Litioi 
in    1908   an    luteniatioiml   Conference   on   Eleclri<!ul    Vtiiis 
Standards   recomsnended    for   adoption    the   followinp   unit*> 
rt!aistance»  curn^nt  and  el(H'tn)in<jlivij  force.     To  a  hi^li  diyrw  ff 
precision  these  units  are  of  the  same  magnitude  as  the  corn?spt>inl- 
ing  practical  C.  G,  S.  (^Iertroinacni»tic  uiiit^t  and  havo  the  gn«t 
advantage  of  l>einR  caaily  reidiztnl  rxix»rinicntally. 

Tlu*  Int^-ninlional  Ohn»  i«  the  n^HiwIance  offered  to  an  iinvan- 

inR  ele<"1ric  current  by  a  column  of  mrrciir)'  at  the  l(»mp'"^ ^    ■'' 

melting  ice,  14.452]  grants  in  maas  of  a  constant  crosK 
area,  and  of  a  length  of  106.300  centixnelcrs. 
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The  International  Ampere  is  the  unvan'ing  electric  current 
ifaich,  when  passed  through  a  solution  of  nitrate  of  silver  in  water 
^i  accordance  with  specifications  attached  to  the  resolutions) 
3epoeit«  silver  at  the  rate  of  0.001 11800  of  a  pram  per  second. 

The  International  Volt  is  the  electromotive  force  which,  when 
steadily  applied  to  a  conductor  whose  resistance  is  one  Intema- 
tional  Ohm,  will  produce  a  current  of  one  International  Ampere. 

All  of  the  other  international  electric  units  are  derived  from 
iheee  three  by  means  of  the  ordinary  relations.  . 


^ 
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§  1.  Transjommtioft  of  Mechanical  Work  into  Electric  E\ 

333.  The  Discovery  of  Heniy  and  Faraday.— In  1831, 
after  the  discovery  that  a  current-carrying  coucluctor  in  a  majrnel 
fields  and  not  parallel  to  it^  tends  to  move  across  the  field,  Josc] 
Henry  in  America  and  Michael  Faraday  in  England  discovered  tJ 
reverse  phenomenon  that  an  electric  current  tends  to  be  pi 
duceti  in  any  conductor  when  moved  across  a  maj^netic  field. 

If  a  magnet  na,  Fig.  327,  be  thrust  into  a  coil  of  wire  S  conned 
to  a  current-indicating  instrument  (7,  the  latter  will  indicate 
presence  of  an  electric  eminent  in  the  coil  during;  the  time  the  mag-" 
net  is  moving  relative  to  the  ctiil.  On  withdrawing  the  magnet, 
there  will  be  a  current  in  the  opposite  direction.  If  1  he  magnet  be 
reversed  and  the  above  0|>erations  n-peated,  there  will  l>e  currents 
in  the  opposite  tUrections.  If  the  speed  of  tlie  displacement  be, 
increased  or  diminished,  the  current  strength  will  be  changed 
the  same  projxirtinn. 

If  a  ciirrent-carr>'ing  coil  P,  Fig.  328,  be  moved  either  towi 
or  away  from,  the  coil  *5,  current  will  be  set  up  in  the  latter  cofl 
as  before. 

If  while  both  coils  are  at  rest,  the  magnitude  of  the  current 
P  be  changed,  a  current  will  flow  in  the  otin*r  coil  during  the  til 
the  curniit  Iti  P  is  chuiigiiiR. 

If  whili'  li(Mh  coils  are  at  rt^st  and  the  current  in  F  is  consi 
a  rod  of  iron  be  either  thrust  into  or  withdrawn  fi-orn  the  coil 
there  will  he  a  niornentjiry  currenl  set  ii]>  in  llu'  other  coil. 

In   gtMieral,  whenever  a  magnetic  field  sweei>s  across  a  coi 
ductor,  an  electromotive  force  will  be  induced  which  will  tend 
produce  an  electric  current.     The  phenomenon  of  the  developmeni 
of  an  electromotive  force  by  relative  motion  of  an  electric  con- 
ductor and  a  magnetic  field  is  called  eleclromagneiic  ttiduction^ 
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I  moving  a  distance  x  i^erpendiciilarly  to  a  magnetic  fickl  of  inten- 
sity H,  the  flux  which  crnKses  the  wire  is  IxH. 

If  a  niafiniot  fwlc  be  niovef]  along  the  axis  of  a  circular  metal 
ring,  an  electromotive  force  will  Ik?  indnceti  whicli  will  produce  a 
current.  But  between  no  two  jx^ints  of  the  cirruit  will  there  be  a 
potential  difference.  This  is  an  example  of  elt^rtromotive  force 
with  zero  potential  difference.  Kamerliuj^h-OiDie,';  has  jxTfonned 
the  experiment  with  a  metal  ring  of  such  niirute  resistance  that 
the  current  continued  with  slight  diminution  for  several  hours 
after  the  magnetic  pole  had  come  to  rest  relative  t^  the  ring. 

The  ship  chaimeb)  leading  to  many  harbors  arc  so  imrrow  and  crooked 
I  thai,  until  the  devolopmcnt  of  a  rpcent  dovinr  depending  upon  ehiftro- 
■  m/ignetic  induction,  these  rbnnnela  euuld  not  be  used  safely  during  the 
I  night  or  during  foggy  weather.     This  device  includes  an  insulated  wire  laid 
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along  the  middle)  of  the  bed  of  the  channel,  together  with  an  apparatus 

the  ship  consisting  of  two  tclcjihonc  receivers,  earh  connected  to  a  coil  of 
on  the  outfiide  of  the  hull.  One  lorminal  of  »n  alternating  rurre nl  gcnemt 
is  connected  to  the  submarine  ctinductor,  (uid  the  other  terminal  is 
nectod  to  the  ground.  When  the  ship  i«  lo  one  side  of  the  submarine  coihl 
ducttir,  the  alternating  currents  produced  in  one  of  the  coils  on  the  sJiip  art 
greater  than  the  currents  induced  in  the  other  coil  C-onsequently,  thtj 
Bound  ]!mduced  by  one  telephone  will  be  loudtir  than  that  produced  hy 
other.  The  ship  is  stt'erod  so  that  the  aounds  produced  by  the  tvro 
phone  receivers  arc  equally  loud. 

334.  The  Direction  of  an  Induced  Electromotive  Force 
Induced  Current.  Leni*s  Law.^Though  the  ultimate  oati 
of  eloctronmsi*(^*it'  iiiductioii  Ls  uukijuwii,  yet  when  an  elp< 
tive  force  is  intiurod,  the  direction  of  the  current  can  be  readily 
inferred.  An  (^lectric  current,  implies  an  electromotive  force  and 
the  latter  implies  an  al)sorption  of  some  form  of  energy  and  its 
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transformation  into  electric  CTvcrg\'.     When  currents  are  induced 
there  is  always  a  stress  in  such  a  direction  as  to  opjxjse  the  mov< 
ment  which  producc<l  thorn.     For  example^  l>etweon  a  mo 
magnet  and  a  neighboring  conducting  circuit  there  is  a  streiss 
oppf^ses  their  approach  or  separation.     This  principle  is  formtila 
in  L<»nz's  Law,  when  a  current  is  induced,  its  magnelic  field  tnwst  be 
in  that  direction  which  will  oppose  the  change  which  produces  iL 

To  illustrate  the  appUcation  of  Lcnz's  Law  we  shall  now  use 
for  the  determination  of  the  direction  of  the  induced  current 
the  cases  dcscrilwd  in  the  preceding  Article. 

Fig.  329  represents  a  magnet  btung  pushed  toward  a  cl 
loop  of  wire  S,     In  order  that  there  shall  be  a  force  oppoaiug 
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motion  p  it  is  necessaxy  that  on  the  side  of  the  wire  toward  the 
Ivancing  magm^t,  the  magnetic!  fifid  of  the  induced  current 
l)e  in  the  same  direction  ii-s  the  magnetic  field  of  the  magnet. 
With  an  advancing  north  pole  the  direction  of  the  induced  cur- 
rent will  be  as  indicated. 

Fig.  SW  represents  a  magnet  l>eing  pushed  away  from  a  closed 
loop  of  wire.  In  order  that  there  shall  be  a  force  opposing  the 
motion,  it  is  neiiessary  that  on  the  sitle  of  the  wire  toward  the 
retreating  magnet,  the  magnetic  field  of  the  in^hicod  current  shall 
be  in  the  direction  opposite  to  the  magnetic  field  of  the  magnet. 
With  a  retreating  north  pole  the  direction  of  the  induced  current 
will   be  as  indicated. 

Fig.  331  represent*  a  current-carrying  loop  P  being  pushed 
toward  a  closed  loop  of  wire  S.     The  inducing  current  ia  called 
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the  primary  currcfit^  and  the  conductor  P  in  which  it  flows,  the 
primary  canductor.  The  induced  current  is  often  called  the 
decondary  current^  and  the  conductor  S  in  which  It  flows  is  called 
the  secondary  con/fudor.  In  order  (hat  there  shall  Ix;  a  force 
opposing  the  approach  of  the  two  conductorsj  it  i.s  necessary  that 
on  the  approaching  sides  of  the  two  conductors  the  magnetic  field 
due  to  the  induced  current  shall  Ix*  in  the  same  direction  lus  tliat 
due  to  the  pnmar>'  current,  AVith  the  current  in  the  lulvancing 
primary  conductor  in  the  direction  indicated,  the  direction  of  the 
induced  current  will  l>e  as  show*n. 

Fig.   332  represents   a  current-carrying   conductor   P  being 
pushcil  away  from  a  closed  loop  of  wire  S,    By  applying  Lcnz' 
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Law  the  direction  of  the  induced  current  will  be  found  to  be  m 
indicated. 

Figs.  333  and  334  represent  a  stationary  primary  conductor 
P,  and  a  stationary  secondary  conductor  *S.  An  increasing  cuncnt 
in  P  produces  in  S  the  same  effect  as  if  P  were  approaching  S,  sad 
a  decreasing  current  in  P  produces  in  S  the  same  effect  as  if  F 
were  receding  from  S.  Therefore  the  directions  of  the  induced 
currents  in  Figs.  333  and  334  arc  the  same  as  in  Figs.  331  and  331 
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335.  Magnitude  of  Induced  Electromotive  Force. — Suppose  s 

wire  XY  slides  for  a  distance  x  with  a  velocity  v  along  a  wire  ABCD 
whose  plane  is  perpendicular  to  a  magnetic  field  of  intensity  H. 
Let  the  direction  of  this  magnetic  field  be  perpendicular  to  the 
plane  of  the  page  and  toward  the  reader.  Since  the  sliding  wire 
is  croHsing  a  magnetic  field,  there  Is  an  induced  electromotive  force 
in  the  (rircuit  XYCBX.  The  direction  of  the  current  produced  by 
this  electromotive  force  can  be  foretold  by  means  of  Ijcnz's  Law 
(Art.  ZM).  This  current  will  be  in  such  direction  that  its  magnetic 
field  of  force  reacting  ujwn  the  original  field  H  will  develop  a  force 
F  in  oppasition  to  the  motion  of  the  slider  XY. 

If  the  distance  between  the  parallel  conductors  AB  and  DC 
be  /,  then  since  the  sliding  conductor  is  perpendicular  to  the  mag- 
netic field  //,  the  force  opposing  the  motion  of  the  sUding  conduc- 
tor will  be  F=IHI  (Art.  295).  Consequently,  a  displacement  <rf 
the  sliding  conductor  through  a  distance  x  involves  an  absorption 
of  mechanical  energy  by  the  system  equal  to 


Wl^Fx]'=lHIx. 
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MAGNrrtTDR  OP  im>UCED  E.M.F. 
TbeMore,  the  mean  electromotive  force  has  the  magnitiule, 

\  _W     Fx     IHIxl     IxH 
"l~  <?"/'"   /'    J~    t   ■ 

It  is  customary  to  call  the  iudui'cd  cicrtroniotive  forrr  positive 
then  the  magnetic  flux  which  it  causes  through  the  loop  XBCY 
hiis  the  same  (lirct'tiDii  as  tluit 
ttJiich  was  there  to  begin  with. 
In  Kig.   335  the  elcftromotive 
force   is  therefore  in  the  posi- 
tive direction. 

Now  Ix  is  the  decrease  in  the 
area  of  the  l*K)p,  IxH  is  the  de- 
crease in  the  magnetic  flux 
through  the  l(K)p,  and  tcH/t 
is  the  rate  at  which  the  mag- 
netic flux  through  the  kM>|)  is  p,^  335 
decreasing.    If  we  use  4>-j  —  <t>i 

to  represent  the  increase  in  the  magnetic  flux  through  the  loop, 
we  can  write 
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That  Ls,  the  mean  value  of  fhe  electromotive  force  induced  in  a 
single  loop  c<|uals  the  tiumn  rate  at  which  the  maguetic  flux  through 
the  loop  is  decTea.sing. 

If  instead  of  a  single  turn  of  wii*c.  the  circuit  consists  of  n  turns 
in  each  of  wliich  the  magnetic  flux  inrrt^ases  from  ^1  to  <t>-j  in  time 
tj  then  during  this  time  the  cttil  will  bo  the  i?eat  of  an  induced 
electromotive  force  of  mean  value 


A  change  of  magnetic  flux  in  a  single  turn  of  wire  at 


436 


one  maxwell  per  second  develops  one  abvolt.     Since  one  volt 
equals  10^  abvolte, 


The  product  n(^2  — "^i)  is  called  the  change  of  flux-turns  or 
flux  linkings.  If  the  change  of  magnetic  flux  in  each  turn  of  wire 
during  the  infinitesimal  time  interval  dt  be  denot<?d  by  rf0,  then  the 
instantaneous  value  of  the  electromotive  force  is 


336.  Mutual  Induction. — Whenever  the  magnetic  flux-turns 
through  a  conducting  circuit  are  changed,  an  electrtnnotive  force 
is  set  up  in  the  conductor.  In  the  case  of  two  neighboring  circuits, 
a  change  of  the  current  in  the  first  will  change  the  flux-turns 
through  the  second  and  wilt  therefore  induce  in  the  second  an 
electromotive  force.  The  current  thereby  produced  will,  in  turn, 
produce  another  current  in  the  firat  circuit.  That  property  of  a 
pair  of  circuits  wliich  causes  a  current  to  be  induced  in  each  circuit 
when  there  is  a  change  of  flux-turns  in  either  circuit  is  called 
muiiud  huiudion.  ■ 

The  mapriitude  of  the  electromotive  force  of  mutual  induction  1 
depends  upon  the  rate  of  cliange  of  flux-turns  within  the  two  cir- 
cuits. For  a  given  change  of  current  in  one  coil,  the  ma^piitude 
of  the  electromotive  force  of  mutual  induction  Ls  increased,  (a) 
by  decreasing  the  distance  between  the  two  coils;  (b)  by  moving 
the  coils  so  that  their  axes  are  more  nearly  parallel  and  in  the  same  ■ 
line;   (c)  by  inserting  iron  into  the  coils.  f 

A  familiar  example  of  mutual  induction  is  furnished  by  the  disturbances 
Bet  up  in  telephone  eircuit*  by  variable  purrents  in  neighboring  wires.  This 
trouble  is  overcome  by  luiving  the  outgoing  and  the  return  wires  of  each  tele- 
plione  rireuil  witie  by  side  utul  twisted  alxiut  one  another.  It  is  left  as  an  facei 
cise  for  the  student  to  explain  how  this  device  produces  the  desir^  result. 
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337.  Electromotive  Force  Induced  in  a  Coil  Rotating  in  a 
letic  Field.^CVinsider  a  single  wire  loop  ahc  of  area  A  that 

\ye  rotated  about  an  axis  xy.  Lot  xy  i>e  in  th«  plane  of  the 
)p  and  nonnal  to  a  uniform  magnetic  field  of  intensity  H.     When 

plane  of  the  loop  is  nonnal  to  the  direction  of  the  magnetic 
*Id,  the  magnetic  flux  within  the  loop  equals  AH  (164).     W^en 

piano  of  the  loop  make^i  an  angle  9  with  the  fonner  position, 


di 


n- 


H- 


\^x 


Fig.  33ft. 


the  component  of  the  area  perpenilicukr  to  the  flux  is  A  cos  (?, 

and  the  flux  is 

ti,y  =  A  COS  BJl. 

If  the  loop  be  rotatctl  tlirough  a  nmall  angle  dd  in  the  small 
time  diy  the  flux  through  the  loop  at  the  end  of  this  time  will  be 

02  =  i4//coa(d+rftf) 

and  the  increaac  of  flux  ilurin^  the  time  di  is 

4f2—<i>\^AH\co&  (0-\-de)  —  cxsa9]. 

Representing  4>u  —  4»\  by  rf0,  wc  obtain  on  expanding  eas  {B-\-dB), 

d0  =  ^//[(co8  ^cosrftf— sin  9  sin  rfff)— cos  ff]. 

If  d^  ifi  very  small,  cos  dO—A,  and  sin  dO'^dd.     In  this  case  the 
above  value  for  the  rhange  of  flux  (hiring  tlie  time  dt  may  be 

written 

d^*  =  ^  //[cos  e  —  sin  Bde  —  cos  (?]  =  —  A  //  sin  ed$. 
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From  (209)^  the  magnitude  of  the  electromotive  force  during  the 
tune  dt  is 


i'-''S\ 


.  rt  •   « de 
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If  durinjt  this  time  the  angular  velocity  of  the  loop  be  unifonu 
and  L>f  niagiiitud*'  w,  the  alx)ve  expression  may  be  put  into  the 
form 

E^AHwsin  9. 

If,  instead  of  a  single  loop,  tlu'iv  lie  li  roil  of  u  parallel  loops 

E^nAihv  fiine (2101 

Conscijaently,  when  a  coil  of  wire  rotates  steadily  in  a  uniform 
magnetic  field,  there  will  be  indwced  in  the  coil  an  electromotive 
forro  whicli  at  any  instant  is  |»nj|K>rliuji;il  to  the  sine  of  the  angle 
between  the  plane  of  the  coil  and  a  plane  normal  to  the  magnetic 
field. 

An  inspection  of  this  c<]iiation  makes  evident  the  facte  that 
when  6  =  0**  or  180°,  the  magnitude  of  the  elcKtroraotive  force 
is  zero;  that  when  ^  =  90°  there  is  a  maximum  electromotive  force 
in  one  dirci'tion;  ami  that  when  5  =  270°  there  is  un  etjual  electro- 
motive force  in  the  opposite  direction.  This  alternating  electro- 
motive force  will  s<'t  up  an  alternating  current  in  tlie  coil  and 
any  conducting  circuit  coniuxted  in  series  with  the  coil. 

338,  Mutual  Inductance. — If  a  current  /i  in  one  circuit  cai 
a  magnetic  Ilux  ^2  tlirough  a  second  t-ircuit,  it  Ls  found  that  a  cm-- 
rent  /i,  in  the  second  <'auses  a  magnetic  flux  ^3  in  the  fii-st.  The 
muixuil  iruiuctan4:e  or  the  coefficient  of  mutual  ijiduction  of  twc» 
circuits  is  the  ratio  of  the  magnetic  flux  <t>2  through  one  of  them 
produced  by  a  current  in  the  other,  to  the  intensity  /i  of  this 
current.     Thus,  the  mutual  inductance  H 

(211) 
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Since  a  change  t>f  flux  d<t>2  in  linic  /^  protluccs  an  electromoti 
force  E''2,  we  may  write,  (209), 
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Whence,  the  practical  unit  of  mutual  inductance,  called  the 
fcoin/,  is  the  luuttml  iu(hictriiu:e  ai  two  circHiits  when  a  chftrif^o  of 
current  in  one  circuit  at  the  rate  of  one  amixfre  per  second  induces 
in  the  other  circuit  an  electromotive  force  of  one  volt. 

339.  Self  Induction. — We  have   electromagnetic   effects   not 

only  between  separate  circuits  but   also  Ix't.wocn  tho  partes  of  a 

single  circuit.   Due  to  a  ciurent  change  in  any  circuit,  an  opposing 

flwtnwnotivc   force  will   1k'   set  up  in  the  same  circuit.     If  the 

original   current   Ih*   increa^sed,   the   electromotive   force   thereby 

induced   will   oppose   the   increaiie.     If    the  original  current  be 

'decreased,  the  electrornotive  force  thereby  induced   will   oppose 

tiie  decrease.     That  profH-rty  of  un  electric  circuit  that  opiwscs, 

by  means  of  a  counter  electromotive  force,  any  variation  of  the 

strength  of  current  traversing  it,  is  callwl  nvlf  hufudivn. 

By  winding  part  of  the  wire  of  a  circuit  into  a  cf>il^  the  s<df 
induction  of  the  circuit  is  incre^fsed.  By  inserting  an  iron  core  in 
the  coil,  the  self  indu<*1.inn  is  farther  infreaf*cd.  If  this  eore  is  n 
completely  closcii  imn  circuit,  the  self  induction  will  l>e  greater 
than  if  the  core  contains  an  air  gap. 

A  '*  rhokc"    or  '*  irapedniioe  "  coil  may  hp.  uawl  to   diminish  thr  magni- 
tude f>faii  alteniating  ('iirrent.     One  form  of  choke  ctjil  of  vuriabl<;  wif-iiiduc- 
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Fig.  338. 


lion  iBdiagnunmatirully  rfpnwcntcd  in  Fig.  337.  When  the  iron  armature  A 
is  in  rontart  with  the  piilt*  pit'rey  of  Ihi*  iron  y<tk»;  BB\  Uil^  m;If  imhirtlon  of 
the  choke  coil  is  a  iimxiniurii  and  tlic  magnitude  of  the  ailenmting  current  in 
the  circuit  i«  a  minimum.  By  separating  Ihl**  armatun?  from  the  yoke,  the 
•elf  induction  of  the  choke  <'oi!  i**  diininiHhed  and  the  magnitude  of  tho 
alternating  current  is  increased- 
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Another  type  of  commercial  choke  coil  of  variable  self  induction  is  rei 

8ent«d  in  Fig.  338.  This  cousbttit  of  a  cylindrical  iron  armature  wrapped 
longitudinally  with  a  currentH-'arrying  conduct<ir  and  supported  betwwn  the 
ends  uf  «  yike  of  wjft  iron.  When  the  plane  of  th<?  coil  is  as  shown  in  the  fig- 
ure, :i  rhangL'  of  current  will  produce  the  ma.\imum  change  in  the  tuagnctic 
tiux  within  (he  coil;  whereas,  when  the  plane  of  the  ooil  is  90°  from  the  poei- 
tion  indjrotetl  in  the  figtire,  the  same  rhtingp  of  current  will  produce  the  min* 
imum  chungc  in  (ho  magnetic  flux  within  the  coil.  Now.  the  eJectromotiw 
force  of  self  induction  varies  directly  with  the  rate  of  change  of  magnetic  fl 
Conac<iuently  if  a  .source  of  alternating  electromotive  force  be  ronnectwl 
ab,  the  mugnitude  of  the  nirrent  will  \w  smallest  when  the  plane  of  the  coil 
is  as  shown  in  Fig  338,  and  will  i>e  greatest  when  the  plane  of  the  coil 
00°  from  tlie  position  indicated. 


340.  Self  Indue tance.^The  coefficient  of  self  induction,  or 

tht*  »rff  iiuUuiiina-  i>f  :i  cirtMiit,  is  mrasiircrl  by  the  ratio  of  the 
magnetic:  flux  thruugli  it  due  to  the  current  in  it,  to  the  current 
stren^h.     Thus,  the  self  inductance  1 


i1 


L  =  ^, 


(2131 


Since  a  change  of  fiux,  (/0i  in  tinie  dt^  produces  an  electrumoti^ 
force  E\  we  may  write 


4=-^] 


L 


fit 


(2143 


WTience,  the  practical  unit  of  self  inductance  is  that  self  indu< 
tance  of  a  (circuit  in   which  an  clcctrotnotive  force  of  one  volt' 
is  induced  when  the  current  in  the  circuit  varies  at  the  rate  of  one 
ampere  j^er  sc<'ond.     The  iniit  nf  self  inductance  is  called  the  henry. 

341.  Eddy  or  Foucault  Ctirrents. — If  a  metaUic  ring  be  pushed 
into  a  nuiEnetic  fiehl  as  represtmtcd  in  Fig.  339,  an  electromotive 
force  will  be  induced  in  the  ring  which  will  produce  a  current  in 
the  direction  shown.  If  the  ring  Ix^  pushed  out  of  the  magnetic 
field  as  represented  in  Fig.  340,  a  cun-ent  will  be  set  up  in  the 
tlircction  there  shown.  ^M 

If  the  ring  Ix;  replaced  by  a  metallic  disk  cun'cnts  will  be  se^^ 
up  as  before.     But  in  this   case   1h<*  cinTcnts  spread  throughout 
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the  disk,  Figs.  IMl  and  342.  Currents  induced  in  a  mfuss  of 
material  by  n  nia^etir  flux  alternating  in  direction  are  called 
eddy  or  FoncauU  currents. 
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When  the  body  is  large  in  whith  eddy  currents  occur,  the 
electric  resistance  may  be  so  siimLl  iluit  the  current  is  very  large. 
The  raechanical  stress  between  the  original  nrngnelit-  field  and  that 
due  to  this  current  will  strongly  oppose  the  relative  motion  of  the 
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two  fields.  Continuation  of  this  i"phitive  motion  will  involve  a  large 
expKjnditure  of  mechanical  work.  This  work  is  transfonued  into 
heat  within  the  condupting  lK«ly.  The  strong  opp<>sition  oifert^d 
to  the  relative  motion  of  the  parts  of  such  a  system  lias  been  applied 
in  one  type  of  street  ear  brake  whirh  consists  of  a  massive  metal 
disk  keyed  to  an  axle  and  revolving  l>etween  (he  ix)les  of  a 
powerful  electromagnet.  On  energising  the  e!(M'tr<imagnet,  there 
will  Ixi  8et  Up  in  the  rotating  disk  curi-ents  in  such  dirt»ctions  and 
of  such  magnitudes  as  to  produce  a  strong  opposition  to  the 
rotation  of  the  axle. 

Eddy  currents  can  be  prevented  by  divi<Ung  the  body  into  tliin 
layers  by  nonconducting  laniina*  normal  to  the  direction  that  the 
eddy  currents  would  otherwise  flow.  It  is  customary  to  thus 
'*  laminate  "  those  part^  of  electric  machinery  that  are  subject  to 
rapid  variations  of  magnetic  flux. 
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342.  Table  of  Units  of  Commonly  En^loyed  Electric  Quanti- 
ties.— 

Name  of  Quantity.  Symbol.        Defining  Equation.    Name  of  Praetiaal  Cait 

Pole  strength m  F=^^ 

Field  strength H  F—mH  gauss 

Induction  density B  B=fiH  gauss 

Magnetic  flux <t>  <f>—AH  maxwell 

Current  strength I  F^OAIHI  ampere 

Quantity q  q—It  coulomb 

Resistance R  W  =  PRi  ohm 

W 

Electromotive  force E  E= —  volt 

Potential  difference ....        V  W  =  Vq  volt 

Capacitance C  q—CV  farad 

Inductance L  E  =  L-j~  henry 

QUEKTIONH 

1.  A  wire  circle  Ir  supported  in  a  horiKontol  position  and  a  vertical  bar 
iiiagnet  is  dropped  through  it,  the  south  end  going  down  first.  Discuss  the 
e.m.f.  which  is  induced  in  the  wire. 

2.  If  an  iron  core  be  quickly  withdrawn  from  its  magnetizing  helix,  what 
will  be  the  momentary  effect  on  the  reading  of  an  ammeter  in  the  circuit? 

3.  A  loop  of  wire  is  being  moved  through  a  magnetic  field.  Under  what 
circumstanccH  (a)  is  no  e.m.f.  induce<!  in  it?  (6)  does  no  current  6ow  in  it? 
(r)  is  a  large  e.m.f.  induced  in  it?     {d)  docs  a  large  current  flow  in  itT 

4.  A  flut  loop  of  wire  lying  on  a  horiaontal  table  is  quickly  moved  in  the 
plane  of  the  table.  Is  an  e.m.f.  s<!t  up  in  the  wire?  Docs  a  current  fknr  in 
the  wire?     Explain  fully. 

6.  In  what  direction  woul<l  a  current  have  to  flow  in  a  wire  wraj^wd 
around  an  iron  trolley  pole  to  make  tlio  end  in  the  ground  a  south  |x>Ie?  H 
the  pole  were  thus  magnetized,  what  would  l>c  the  direction  of  a  current  in  a 
metal  hoop  dropped  over  the  eiid? 

6.  At  the  absolute  aero  of  temperature  a  conductor  is  of  nearly  aero  miat- 
ancc.  Would  it  be  difficult  or  easy  to  move  a  piece  of  copi>er  wire  acrofli  a 
magnetic  field  under  these  conditions?     Why? 

7.  The  coil  of  a  d'Araonval  galvanometer  is  swinging.  Show  by  diAgruD 
the  direction  of  the  e.m.f.  induced  in  the  coil.  If  the  coil  is  short  cinniitod, 
this  e.mi.  may  cause  a  very  appreciable  current  to  flow.  Find  whether  thk 
current  is  in  such  direction  as  to  aid  or  hinder  the  svringing  of  the  coil.  8how 
how  you  find  out.  , 
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343.  The  Simple  Alternating  Current  Generator. ^Figs.  343, 
344  and  345  represent  a  loop  of  wire  rotating  about  an  axis  normal 
tfi  the  plane  of  the  pajx^r  iu  the  inagMetit'  liclci  hotween  the  poles  of 
a  magnet.  Equation  (210)  shows  thai  in  surli  a  loop  an  alternat- 
ing electromotive  force  will  be  induced  which  will  produce  an 
alternating  current  in  any  dosed  circuit  joining  the  ends  of  the 
loop.  This  action  will  now  be  further  considered  and  the  metliod 
described  by  which  it  is  utilized  in  the  construction  of  commercial 
electric  "  generators  "  for  setting  electricity  into  motion. 


Fio.  343. 
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ftiL®; 
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Fig.  344. 


Fio.  345. 


From  Lenz's  Law  (Art.  334),  when  a  current  is  produced  by 
**Vluction  its  magnetic  field  must  be  in  that  direction  which  will 
^Dpoee  the  change  that  produces  it.    Consequently,  if  the  loop  be 
Rotated  clockwise  alM)ut  an  axis  xx',  and  the  direction  of  the  mag- 
^^lic  field  \)e  as  indicated  in  the  figures,  then  ihc  induced  current 
*nthe  sitle  ai  of  the  loop,  Fig.  344,  will  be 
^iirecled  toward  the  reader.     When,  how- 
ever, the  !»K)p  Iku?  rotatetl  1S0°  from  this 
position,  the  current  in  this  side  of  the 
loop,  «3,  Fig.  34.5,  will  Im*  directed  away 
from  the  reader.     Thus,  the  direction  of 
the  current  inducted  in  the  loop  changes 

twice  every  revolution.  If  the  ends  of  the  loop  be  joined  to 
two  colledor  nn{?.«!,  RR'  Fig.  346,  fastened  to,  but  insulated 
from  the  shaft,  and  corulucting  brushes  BB'  be  pressed  against 
these  collector  rings,  then  the  current  can  be  led  off  to  operate 
incandescent  Ianji>s,  or  any  other  mechanism  that  can  be  ope- 
rated by  an  alternating  current. 


Fiu.  346. 
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In  order  that  the  induced  electromotive  force  may  be 
the  rate  of  change  of  magnetic  flux  through  the  n>tttting  loop  mi 
be  large.     The  intensity  of  the  magnetic  field  should  therefoir 
large,  and  the  flux  within  the  Icnip  should  i^liange  rapiilly.    TV 

required  intense  magnetic  BeJd  wit 
the  spac-e  in  which  the  loop  roLa(«fl 
pnxiuced   by   an   clectromajnict.  F^ 
347,  energized  or  '*  exciunl  '*  by 
source  of  constant    current.     To 
crpAsc  the  intensity  of  this  mi 
field,   the  rotating  loop    is    wi 
aboiit    a  Hoft  iron  core.     One  way 
produce  a  rapid  chatige   in    the  nu 
nitude  of  the  flux  through  the  nttaiii 
loop  is  to  rotate  the  loop  at  high  anf 
lar  sp(^.      Another   way   is   to  hai 
more   tlmn   one   pair  of  poles  to  produce   the   magnetic   fiel 
When  multiple  poles  are  UBcd,  the  adjacent  poU«  ore  of  oppo^i 
polarity,  Fig.  348. 

The  magnet  which  produces  the  inducing  niagnKic  field 
called  the  field  inagneL    The  system  consisting  of  an  iron 
and  the  copper  conductor  in  which  electromotive  fort*<rs  iin* 
duced,  is  called  the  artnnture.     A  machine,  such  as  dcAcribed 
this  Article,  which  proihices  an  electromotive  force  thai  revi 
in  direction  each  time  the  direction  of  the  flux  throtigh  the 
ture  is  reversed,  is  called  an  alternating  currvyU  gctu^rator  or 
nalor. 

In  the  machine  above  descrilw*d  the  annuture  Lh  p- 
some  mechanical  means  and  tlie  field  magnets  remain  pi     : 
Alternators  are  also  made  in  wliich  the  field  nuignet^  luie  ^>' 
and   the  armature  remains  stationary.     A  comfMiri^on   of   i  - 
348  and  349  will  make  clear  the  difference  in  con^tniction  ami  't 
fdmilarity  in  action.     For  simphcity  of  a^prc»cutatiun  in  nch 
flgiu-e  the  cross-s*rt.ion  of  a  single  tuni  of  the  arruature  winding  w 
shown,  and  the  (collector  rings  and  brushes  arc  omitted.     In  llif 
rotating  armature  type,  Fig.  348,  the  constAnt  exciting  current  of 
relatively  low  electromotive  force  m  led  iuto  the  field  poib  by  taoM 
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brushes,  and  there  is  more  room  for  armature  coils,  than  with  all 
nators  of  the  rotating  armature  tyjx'. 

The  mapnetic  flux  through  the  core  of  an  armature  chai 
rapidly  in  direction  and  in  magnitude.     To  prevent  the  product^ 


RR' 


Fio.  351. 

of  large  eddy  currents  and  the  consequent  heat  losses,  the  cores  of 
armatuns  are  always  laminated. 

Fig.  ^350  rcprescuts  a  iiiodLTn  alternator  of  the  rotating  field 
type,  together  with  its  direct  raiTcnt  *'  exciter,**     The  separatod 


Fig.  352. 

field  magnets  and  armature  of  this  alternator  are  shown  in  Fi 
351  and  352  respectivrly.     The  brushes  press  on  the  rings  RR'. 

344.  The  Elements  of  the  Direct  Current  Generator.— While 
a  conducting  loop  is  rotating  at  a  constant  angular  velocity  in  a 


ufonn  magnetic  field  there  is  induced  in  the  loop  an  electromotive 
fee  that  changes  with  the  (wsition  of  tiio  loop  in  the  manner 
pressed  by  (210)  and  represenled  graphically  by  the  curve  in 
ig.  353.  If  the  period  of  alternation  is  not  too  great,  the  fact  that 
te  current  alternates  in  direct  ion  is  of  no  tlisatlviuitiif^o  in  ojwrating 
^ta  and  certain  other  devices.  But  for  electroh'tic  and  certain 
her  operations  a  current  of  constant  direction  is  necessary.    The 


^ 


Fig.  353. 


Fig.  3.34. 


^temating  pulses  induced  in  a  loop  rotating  in  a  magnetic  field  can 
be  rendered  unidirectional  by  means  of  a  device  now  to  be  de- 
scribed called  a  "  commutator." 

The  commutator  consists  of  a  split  ring,  C,  Fig.  354,  attached 
o,  but  insulated  from  the  shaft  of  the  armature.     If  the  armature 
but  one  coil,  the  commutator  will  have  two  segments,  each 


Pro.  355. 


6 
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f.B' 


iiached  to  one  end  of  the  coil-  Fastened  to  the  fnime  of  the 
^!hine  are  two  conductitij^  *'  brushes,"  B,  B\  which  press  against 
le  rotating  conunutator.  The  Inrushes  arp  the  leniiinals  of  the 
eternal  circuit  wliirh  is  to  be  supplied  wnth  current.  The  brushes 
eeo  placed  lhat  they  slip  from  one  commutator  strip  to  another 
the  instant  when  the  cuiTent  in  the  connected  armature  coil 
(reraee  in  direction.     An  inspection  of  Figs.  356  and  357  will 
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show  that  with  the  direction  of  the  magnetic  field  and  the  di^^i^ 
tion  of  the  armature  rotation  as  shown,  the  upper  brush  will  P^ 
positive  and  tlie  lower  brush  will  be  negative  whatever  commut*^ 
tor  stripe  are  in  fontact  with  them.     That  is,  the  current  that 
into  the  extenml  circuit  is  always  in  the  same  direction.     T 

during  a  revolution  of  the  arma 
the  current  rises  from  zero 
maximum  vahie  and  falls  to  zero, 
but  the  direction  of  the  current  is 
constant.  Such  a  current  is  said 
to  be  unidireclional  or  direct. 

The  magnetic  field  in  which  the 
armature  revolves  is  produced  by  a 
powerful  elect  romagnet  energizwl 
by  the  current  generated  in  the 
rotating  armature.  If  all  of  the 
current  from  the  armature  is  passed 
through  the  field  coils  as  shown  in  Fig.  358,  the  machine  is  called 
a  series-wound  direct-current  dynamo,  or  generator. 

Solved  Phoblem 

Pkublem. — DitLgrHii)  the  windiiiics  und  iH)iinectiun8  of  a  Himple 
wound  direcl-currtrir  gfiKTulor  that  will  meet  the  following  spe4:ifitiitioD»^ 
left  piAc  Huiith,  rot^iti<jri  i>f  the  iimiuture  clockwiae,  iHwitive  brush  on  iheupp* 
side  of  the  comnnit!il*3r. 

Sor.trTioN.— The  given  «f)erifi  eat  ions  are  re[>n!sented  in  Fig.  S59.    Ttit 
development  of  au  ele<;tro[uotLve  furix;  in  the  coil  nb  impliPft  an  a.l>s(>nitinn  "' 
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Fig.  360. 
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energy.  In  order  that  energy  may  be  nlwturbcd,  the  current  set  up  in  ili« 
moving  coil  munt  be  in  Huch  u  direction  tlmt  the  rotation  of  Uw  (H)il  with  iu 
magDCtic  field  shall  be  opposed  by  the  magnetic  field  duo  to  the  poles  S  and 
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^,  (l^u«  s  U^w).  Consequently,  the  field  of  force  atmut  the  conductor  ah  due 
to  the  iudueed  current  niual  be  in  the  direction  indicated  in  Fig.  300.  The 
current  i*  cnminK  toward  the  rciider  at  fr  and  going  from  the  reader  at  a. 

In  ord*T  ihat  the  upper  hnish  nmy  be  positive,  the  current  ratist  leave  the 
niorhin*'  ut  Una  bnish.  Ci>n«'(|U»'[i(ly,  tin.-'  eini  b  of  the  cnil  m  comiectecl  to 
ibe  cuniruiitiit4>r  Htrip  in  wintaot  witli  the  ptwitivc  braih  jw  shown  in  Fig.  3fil. 

To  give  the  poles  the  required  f>olarity,  t^1e  current-i'arrying  conductor 
must  be  wrapped  about  the  field  magnets  as  indinit^d  in  Fig.  331. 


jiW" 


346.  Multiple-coil  Armatures. — When  a  one-coil  armature 
provide*]  with  a  ooiiiimitator  is  rotating,  the  eleotromoiive  force 
dcvi*iop<^i  gfH»H  tKrtuigh  a  series  (if  changps 
that  for  one  revolution  is  represented 
graphically  in  Fig.  302.  Though  the 
electromotive  fort^  Ls  unidirectional,  the 
variations  of  the  current  may  be  so 
great  as  to  cause  a  noticeable  flirkerinK 
in  the  light  of  any  incandesct^nt  hiinji  to 
which  the  dynamo  might  be  connected. 

To  avoid  such  great  fluctuatiiiiih'  of  current,  armatures  of 
commercial  direct  current  d>^mmos  are  always  provided  with  sev- 
eral coils  equally  spaced  tlu-oughout  the  periphery  of  the  armature. 
If  an  armature  were  provided  with  two  coils  at  right  angles  to 
one  another  and  joined  to  a  two-part  commutator  as  shown  in 
Fig.  363,  while  one  coil  is  passing  the  position  in  which  zero  elec- 


inff- 


Fig.  362. 


Fig.  363. 


tromotive  force  is  being  induced,  the  other  coil  is  passing  through 
the  position  in  whicli  a  maximum  clcrtromotivc  force  Ls  being 
induced.  As  the  two  coils  are  in  series,  an  electromotive  force  is 
being  induced  in  the  conductor  at  all  parts  of  a  revolution. 

If  the  two  loops  were  not  joined  together,  an  electromotive 
force  would  be  induced  in  one  of  them  that  would  be  represented 
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by  the  light  full  line  in  Fig.  364,  and  an  electromotive  force  would 
be  induced  in  the  other  loop  that  would  be  represented  by  the 
dott.ed>line.  Wln'n  the  two  loops  arc  joined,  the  resultant  elec- 
tromotive force  is  obtained  by  com- 
pouiKlinp;  these  two  curves.  The  heavy 
line  represents  the  variation  of  the 
electromotive  force  impressed  on  thej 
brushes.  It  will  be  observed  tliat  tl 
electromotive  force  never  reduces  to 
»(?ro,  nor  does  it  vary  through  siich 
wide  Hinitf?  as  does  the  electromotive 
force  induced  by  a  one-coil  nnnature.  By  covering  tlie  |)eripheryj 
of  the  annuture  core  with  many  coils,  equally  spaced,  the  fluctti- 
ations  are  reduced  to  incoa-siderable  dimensions.  The  arrangp- 
ment  of  the  windings  on  one  tyix*  of  annaturc  having  two  coil; 
is  shown  in  Fig.  HG5.     The  corresponding  arrangements  for  four 
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coils  and  for  six  coils  are  shown  in  Figs.  366  and  367.  If  these 
armatures  be  rotated  clockwise  in  a  magnetic  field  directed  to 
the  rights  the  currents  thereby  induced  will  be  in  the  directions 
indicated. 

A  modem  direct  current  generator  is  illustrated  in  Fig.  368. 
The  annaturc  of  this  machine  is  shown  separately  in  Fig.  369. 

346.  The  Value  of  the  Electromotive  Force  of  a  Generator. — 
In  the  case  of  a  two-|x>le  dynamo,  a  comhictor  on  the  peripher>*  of 
the  aniuiture  crosses  and  recrasscs  the  magnetic  field  ever>'  revolu- 
tion. If  the  magnetic  flux  cut  by  the  conductor  be  0  maxwells 
and  the  angular  sjwed  i>e  N  revolutions  per  second,  then  during 
one  revolution  the  mean  value  of  the  electromotive  force  indu< 


he  oonducior  will  be  2N4>  abvolts.  If,  inj?t«ad  of  a  single 
luctxjr,  there  be  n  conductors  arranged  in  two  groups  con- 
m1  in  parallel,  each  group  consisting  of  n/2  conductors  con- 
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ed  in  aerieB,  then  the  mean  electromotive  force  developed  in 
armature  wiU  be 


Em—^4»  abvoltfl  =  ^7^  volts. 


(215) 


Fig.  360. 


47.  Series-,  Shiut-  and  Compound-wound  Machines. — In  the 
s-wound  machine  heretofore  coasidered,  the  armature  and 
are  in  series  as  represented  in  Fig.  370. 
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On  opon  circuit,  that  is^with  intinito  resistaijcc,  tho  magnetic  flux 
thniugli  tiieaniiature  roils  in  dnv  solely  t^)  thr  rrsidiial  majjnptisiii 
of  the  field  magnet  corej*.  ami  tlif  indiK'ccl  oleotromotive  force 
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is  smail.     But  on  closed  circuit,  the  field  cores  are  magnetized 
all  of  the  eurrcnt  set  into  motion  by  (he  machine.     The  variation 
of  electromotive  force  with  lint'  current  for  a  series-wound  generator 

is  represented  by  the  curve 
AB,  Fig.  373.  This  eur\'e 
shows  that  the  electromotive 
force  of  a  series  macliiue  at 
first  rapidly  increases  wiih  the 
curriMJt-load,  but  that  after  a 
certain  current-load  a  farther 
increase  of  load  is  accompanied 
by  a  decrease  of  electromotii 
force.  This  lack  of  constam 
of  electromotive  force  rend< 
series  KCTieratoi*8  unsuited  f( 
incandescent  lighting. 
In  the  ahunt^wound  niacliine,  Fig.  371,  the  current  from  1 
armature  divides,  part  traversing  the  fickl  noils  :uul  the  ren»ainder 
traversing  the  external  circuit.  On  open  circuit  the  annature  and 
field  coils  are  in  series,  and  the  electromotive  force  is  maximimi. 
On  cl()se<l  circuit  the  electromotive  fnrre  will  de^x'nd  upon  \ 
amount  of  current  traversing  the  field  coils.  Willi  increase 
current-load  in  the  external  circuit,  the  current  in  the  field  co; 
diminishes  and  c'onse<inently  the  electromotive  force  generated  by 
the  machine  diminishes.     The  relation  between  (he  line  curren 
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and  the  electromotive  force  of  a  shunt  generator  is  represented  by 
the  line  CD.  Vig.  37:j. 

In  a  shunt-wound  generator,  tfie  dectronintive  force  dimin- 
ishes with  increase  of  current-load,  while  in  a  series-wound  gene- 
rator the  elect roinotive  force  increiust^  wilji  load.  Hence  by  using 
on  the  field  magnets  a  series  coil  and  also  a  shunt  coil  it  is  possible 
to  produce  a  machine  that  will  develop  an  electromotive  force 
which,  within  certain  limits  of  currents-load,  is  nearly  independent 
of  load,  l^uch  a  machine  is  called  a  uompound-wouud  generator 
and  is  represented  in  Fig.  372. 

QrTsnoNR 

1.  Draw  li  dmRratn  of  the  windings  of  a  two-pole  direct  t;un*eni  scriea 
dyoauto  having  the  jmsitive  bnish  on  the  upper  side  of  the  ctimmutator,  the 
l^t  (xilo  nortli,  and  tho  rotnfioii  roimt^rolorkwi30. 

2.  At  full  load,  the  elcctroinutivc  force  of  a  series-wound  dynamo  ia  higher 
ihan  at  zorr»  load.     For  a  shunt-wound  dynamo,  the  reverse  is  true.     Explain. 

5.  Show  why  a  sudden  incrcaae  in  the  line  resistance  in  coiineclion  with  a 
shunt-wound  dynamo  causes  a  Hudden  increase  in  the  potential  diflerenoe  at 
the   bnishes, 

4.  What  effect  doe»  an  increase  in  the  resistance  uf  the  field  circuit  of  a 
shunt-wound  dynamt*  have  on  the  pfttential  dilTerenoe  nl  the  bnishes? 

6.  Decreae>ing  the  line  reBistanee  of  a  series  generator  causes  an  increase 
in  the  electromotive  force  and  also  the  power  developed  by  the  machine. 
Explain. 

348.  The  Elements  of  the  Simple  Direct-current  Series  Motor. 
— It  has  been  seen  (Art.  21)5J  that  a  current-carrj-ing  conductor 

in   a   magnetic   field   is   acted     

upon  by  a  force  which  urges  it 
side  wise  except  when  the  con- 
ductor is  parallel  to  the  mag- 
netic field  in  which  it  is  situ- 
ated. In  the  electric  motor 
this  fact  is  utilized  for  the 
continuous  transformation  of 
electromagnetic  energ>'    into   nieehanical    work. 

In  Fig.  374  consider  a  r(;et  angular  loop  of  wire  within  the 
magnetic  field  between  the  ix>les  of  a  powerful  magnet  and  capable 


Fig.  374. 
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of  rotation  about  an  axis  XY,  In  Figs.  375,  376,  377  and  378 
loop  is  represented  in  four  siiecessive  positions.  Let  an  electric 
current  from  soiat;  outside  source  flow  from  .4  thrctugh  the  loop  (c 
B,  Fig.  374. 

With  the  eurrent-earryirig  loop  in  the  position  shown  in  Fig.' 
375,  the  field  above  -4  due  to  the  current  in  the  loop  and  the  fieldi 
due  to  the  poles  are  in  the  same  direction.  Below  ^4  the  two  fidtla 
are  in  opposite  directions.  Henee  the  side  -4  is  urged  downward. 
In  the  &amc  manner  we  see  that  the  side  B  is  urged  upward. 
Therefore  the  loop  is  act^d  upon  by  a  torque  in  the  clockwise 
direction.  The  lever  arm  of  the  couple  [inxlueing  the  torque  is 
BC.  When  the  loop  is  in  the  ptwitioii  AiBi,  Fig.  .376,  the 
torque  has  tiie  maximum  magiiitutle  and  is  in   the  same  direc- 


fT^B, 


f^(g^^i) 


^ 


Fio.  375. 


Fif).  37n.  Ficj.  377. 


Fifl.  378. 


tion  as  l>efore.  TiMien  in  the  position  A3B2,  Fig.  377,  the 
lever  arm,  and  consequently  the  torcjue,  are  zero.  If,  by  means 
of  some  outside  jigent  the  loop  be  turned  past  this  position 
into  that  of  A^B^,  Fig.  378,  the  loop  is  acted  up>on  by  a  torque  in 
the  counterdfM'kwise  dirtH-tion  which  tirges  the  loop  back  into 
the  position  shown  In  Fig.  377.  It  is  thus  seen  that  with  the  cur- 
rent flowing  from  A  toward  B,  there  is  developed  a  torque  that 
rotates  the  loi>p  till  its  plane  is  ptn'tx^ndirular  to  the  direction  of 
the  external  magnetic  fieUI.  If  the  direction  of  the  current  be 
reversed  when  the  loop  has  passed  the  perpendicular  to  the  direc- 
tion of  the  external  magnetic  ftold,  then  the  loop  will  rot^ite  another 
180°  in  the  same  direction.  If  now  the  dinn'tion  of  the  current 
be  again  reversed,  the  loop  will  rotate  another  180°.  The  direc- 
tion of  the  current  in  thv  loop  can  he  automatically  reversed  at  the 
proper  tiaies  by  means  of  a  commutator  such  as  is  Ufsed  in  t\ 
direct-current  generator. 
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When  the  loop  is  in  the  position  shown  in  Fig.  379,  the  current 
enters  at  the  end  *4  by  way  of  tlie  ptij^itive  brush,  and  enicrpes 
from  the  end  B  by  means  of  the  negative  brush.  When  the  loop  i.s 
rotated  180°  from  this  ]X)sition,  the  couunutator  strii^s  under  the 
bnishes  are  chnnjijed,  thereby  revrrsing  the  direction  of  the  etir- 
rent  through  the  loop.  By  lliis  means  the  loop  is  caused  to  rotate 
ooiitinuou.slv  in  the  same  direction. 


;\ 


Fnj.  379. 


Fi«.  3«0. 


The  torque  aetiiig  on  the  loop  is  pTOix>rtional  to  the  current 
1*1  the  lo<jp,  and  also  to  the  intensity  of  the  niaKnetie  field  in 
M-hich  the  loop  rotates.  The  magnetie  field  is  pi*odueetl  by  means 
of  an  electromagnet,  Fig.  382,  energized  by  the  stune  furrent  that 
traverses  the  loop.  To  increase  the  intensity  of  the  magnetic  field 
in  which  the  loop  rot-iites,  the 
Qpace  within  the  hmp  is  filled 
with  ironof  high  permeabiHty. 

With  an  armature  of  a 
single  coil,  such  as  has  tieen 
thus  far  considered,  the  torque* 
Ls  not  the  same  at  <liffeivnt 
parts  of  a  revolution.  But  if 
the  armature  be  provided 
with  many  equally  spaced 
hxjpK,  properly  eonneet^-il  to 
commutator  strips^  the  torque 

will  be  practically  constant  throughout  a  revolution.  The  wind- 
uigs  of  direct-current  motors  may  U-  tiir  same  li^  those  of  direct 
current  generators.  Motors  may  Imve  any  even  numljer  of  poles. 
Any  direct-current  generator  may  be  used  as  a  motor. 

A  eousideiation  of  Fig.  382,  shows  that  if  the  direction  of  the 
current  be  reversed,  the  direction  of  rotation  of  the  armature  will 
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be  unaltered.  ThL^  shows  that  the  armature  of  a  series  motor  will 
rotate  fontinuously  when  connected  to  an  alternating-current  cir- 
cuit. To  avoid  the  heat  ing  due  to  eddy  currents  pet  up  in  the  anna- 
ture  core  by  the  revei-nul  of  the  current  in  the  annature  con- 
ductors the  core  must  be  huninated.  If  the  field  t^ila  are  traverse*! 
by  alternating  current,  the  fiehl  cores  must  also  be  laminated. 

349.  Back  Ele  omotive  Force  of  a  Motor, — When  an  arnu- 
ttire  rotates  in  a  .gnetic  field  there  is  inducecl  an  electromotive 
force.  It  makes  ^  ^-difference  whether  the  rotation  be  i)roduced  hy 
a  steam  engine  or  by  the  interaction  of  the  magnetic  Gelds  due  to 
the  field  nrngnets  and  tlie  current-i'arryiiig  armature  ctmduetors. 
When  the  armature  is  that  of  a  motor,  tlie  direction  of  the  induced 
electromotive  force  is  opptjsite  lliat  of  the  circuit  or  impitvssed 
electromotive  force.  Hence,  the  electromotive  force  induced  by  a 
rotating  motor  armalui\>  Is  called  the  back  or  coiuiUr  electromotive 
force.  The  difference  between  tlic  impressed  or  circuit  electro- 
motive force  and  the  back  electromotive  force  is  the  net  or  result- 
ant electromotive  force  wliich  causes  the  cui-rent  through  the 
armature.  At  high  K|>eed.s  llie  back  electromotive  force  is  large 
thereby  causing  the  resultant  eleetromotivo  force,  antl  therefore 
the  current,  to  be  small.  At  zero  spewed  the  l>ack  electromotive 
force  is  zero  and  the  current  through  the  annature  is  very  large. 

The  product  of  the  circuit  voltage  and  the  current  through 
the  motor  is  the  input  or  power  supplied  to  the  machine.  The 
product  of  the  armature  cun-ent  and  the  Viack  electromotive  force 
is  the  power  exerted  in  rotating  tlie  armature. 

350.  Speed  of  an  Electric  Motor, — We  shall  now  consider  the 
factore  affecting  the  speed  of  a  motor.  In  a  motor,  as  in  a 
dynamo,  there  is  induced  by  the  rotating  armature  an  electro- 
motive force  of  the  value,  (215), 


e  =  -jz^  volts  =  kNi^  volts, 


where  k  takes  the  place  of  the  constant  quantity  «/ 10^. 

In  a  motor,  the  electromotive  force  which  sends  current  througl 
the  armature  is  the  difference  between  the  impressed  electromotive; 


and  the  induced  electroiiiotivo  fon*e  *•.     It  followj^ 
£  —  (' =(>(,, 

there  u  and  r^  stand  respectively  for  the  current  through  the 
,ture  and  the  resistance  of  the  arnuitiiie. 
From  these  two  equations  we  find  for  the  stx-ed  of  the  armature 

— 7-7 —  rev.  per  m.' 

361.  Series-,   Shunt-   and    Compound-wom      Direct-current 

Motors. — ^Dircct-current  motor,  like  direct  ciurcnt  dynunios,  may 
be  .series-,  shunt-  or  comiKtuiid-wound.  From  Ampere's  Law,  it 
follows  that  the  tonjuc  produced  by  a  motor  armature  depends 
upon  the  niuuber  of  armature  ronduetors,  the  armature  current 
and  the  field  flux.  If  the  urmaturc  current  of  i\  series-wound 
motor  be  increased,  the  field  current  and  consequently  the  flux 
are  increased  almost  pn)|M>rtioiially.  Hcnc^e  the  torque  varies 
nearly  as  the  square  of  the  current.  On  closing  the  circuit,  the 
counter  electromotive  force  is  iieglijiii}lc,  {\\v.  current  is  high  and 
the  torque  is  large.  The  large  starting  torque  makes  series-wound 
motors  especially  well  suited  for  street  car  ofK.*ration. 

The  speed  of  a  nerit^-wound  motor  is  nuich  affecteil  by  the  load. 
The  immediate  elTeet  of  reduetiou  of  loud  is  increase  ui  speed. 
With  increase  of  8i)eetl,  the  counter  electromotive  force  increases, 
the  armature  (current  decreiuics,  (ho  field  deereiises,  and  (he  speed 
still  farther  increases.  The  *'  racing  "  of  an  unloaded  series-wound 
motor  may  seriously  injure  (fie  maeiiine. 

The  resistance  of  the  field  <*oils  of  a  sluint-wound  motor  is 
large  compared  with  the  resistance  of  ilie  anmiture.  Consetpieritly 
if  the  armature  cun-ent  of  a  shunt-wound  motor  be  increaswl, 
the  field  current  is  slightly  affected.  Hence  the  tonpie  iieveloiied 
by  a  shunt-wound  motor  is  almost  proportional  to  the  animture 
current. 

The  speed  of  a  shimt-wmmd  motor  Ls  much  less  affected  by 
changes  of  load  than  is  the  sjKvd  of  a  series-wound  motor.  If  the 
kwid  be  increased  the  armature  will  slow  down,  thereby  causing 
successively  a  diminution  of  the  eouiiter  elect ronujtive  force, 
an  inereaae  in  the  armature  current,  an  increase  in  the  counter 
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electromotive  force,  a  decrease  iii  the  field  flux,  and  consequent 
an  increnj*e  in  the  armature  siK'iMl.     By  this  series  of  actions 
8peed  is  maintained  nearly  coastaut. 

By  wrapping  on  the  field  muj^ets  of  a  sliunt^wound  motorl 
few  turiw  of  wire  in  series  with  the  outHi<le  circuit,  and  in  o| 
lion  to  the  shtuil  wnndin^,  u  couip^mnd-wouJuJ  niot-or  can 
made  which  will  give  either  constant  8pced  for  all  loads  within  j 
certain  mngo  or  a  Hpecd  thiit  will  slightly  iiicrt-ase  with  load.  TV 
numlxTs  of  tilrns  in  the  slnmt  and  scrici*  windings  are  so  fleJi5C£«i 
that  the  weakening  of  the  field  prodnt^ed  by  the  scries  turns  dibrr 
just  coinixMisat<?s,  or  slightly  over-corn fiensates,  for  the  dimitiD- 
tion  of  s|m'<m1  due  to  tike  in('n*jij4e<l  load. 

In  starting  &  shunt-wound  or  a  coinpound-wotmd  motor  il  niurf 
1m:  renieinlK*red  timt  llie  shunt  coils  are  of  nnirti  liigher  ■•    ^ 
and  inductance  thiui  the  annature.     If  while  the  anniu  :; 

rest  the  brushes  were  to  be  connected  directly  to  the  oprnUing 
circuit,  the  current  through  tlie  anuatun*  would  lie  ao  gx^t  u 
to  dangerously  overheat  the  aniiature  (Muiductors.  After 
annature  is  in  rotation,  there  will  be  a  sufficiently  great  couol 
electromotive  force  to  diminish  the  artnaturi'  current  to  a 
value.  To  prevent  a  dangerous  riw*  of  current  in  the  armiituro 
starting  a  shunt--  or  a  com}X}und-wound  motor  a  "  stnrt.ing  box 
is  alwa>'s  employc<l.  A  common  fonn  Ls  so  arraiigcd  that  on  tui 
itig  a  lever  the  following  oiK-rationw  occur  in  HUcc<***ioii,  Currn 
first  traverses  the  shunt  winding.  Later  a  current  is  connect 
ihroiigh  the  armatur<'  in  wrien  with  a  rcfiisianc**  which  is 
ijiminishc<l  as  the  motion  of  the  lever  is  continued.  B\ 
the  nvistAnce  has  bi»en  reduce<I  I.0  w^ro,  the  annature  will  l»e 
motion  and  ther<'  will  Im*  a  counter  electromotive  force  suffiei 
to  prevent  an  excessive  current. 


362.  The  Integrating  or  Kilowatt-Hour  Meter.— IV  w  U 

otit*  hour  al  lln*  rwl*'  ol  t>in*  kilowiiU  w  called  n  Ai/oiivi W-Aour, 
iiniiMtty  nmpliiynl  In  irjihistry  for  itio  rnt'sisuriirii'iil,  of  otrctm:   viirrio' 
uit4<Kruliftu  iiii*tfr  ur  kilnwutt-htiur  uit'tcr  i»  twM'iitiuUy  a  lunUir  art  d 
ttuit  the  fqMVil  of  mUitinn  ih  pn>iMirii(inal  Ut  thr  rliNittir  jHiwrr  Hiipplu^ 
line  ut  ttiut  iiixtKiit.     Our  (MinuiHin  form  nvH*iiil»1w  (he  wiilt-nu'tirr  (Artr. 
in  thai  it  comprim^  inovuhte  («ils  4.  Tig.  3K3,  aiid  utit  1 10x11117  niiUi  //H 
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If  there  wore  no  opposing  torque,  the  armature  of  the  kilnwatt-hour  meter 
would  begin  to  race  n«  soon  ns  it  was  eonne<'tetl  into  the  eireuit.  But  if  the 
instrument  be  so  d«*ip;nc<l  thut  thtre  Ls  an  ii]i[x»siiiK  lori[ui'  jmiiK>rtiunu)  l<i  the 
speed  of  rotation,  tl»cn  the  a|M^  of  rotation  will  he  lUways  prurtirully  pro- 
portional to  the  drinng  t^jrqiie.  For  Ihe  armature  will  nttate  Bleadily  ut  such 
a  speed  that  the  opposing  torcjue 


n- 


■r 


(^E^^S 


Line 


Load 
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Equals    th«   driving   t*»n^ue.      If 

the     tlriving     torque     Ijec^mieA 

gTeater  than  the  op[x>t>ingtorque, 

the  armature  will  ojiei^d  up  until 

the   two  are  equal;   and   if  the 

driving  torque  beoomea  smaller 

than    the  opposing  t(»rque,   the 

iirmalure  will  slow  down  till  the 

two  arc  equal. 

The  n-*quired  ccMinter  t4)rque 

may  be  produced  by   the  mag- 
netic  drag    aeting   on    a    light 

metal     disk     attarhed     to    the 

amiAturc  shaft  when   the  disk 

rotates   between  the  jwles  of  a 

pair  of  [H'nnanent  magiieta,  A/jtf, 

Fig    383.     The  rimgneliu  Hua  through  the  disk  D  being  constant,  the  eddy 

riirrftiit  induce<l   in   the  rotating  disk  in  prn]iKprlinniil  to  the  speed  of  rotation. 

But  the  counter  torque  is  proportional  to  the  product  of  the  fliLx  uad  the 
eddy  current.  It  follows  that  the  speed  of  the  disk  is  proportional  to  the 
driving  torque. 

Since  the  driving  torque  is  proj)orti(tniLl  to  the  eleetric  [Hiwf  r  that  is  being 

supplied  to  the  line,  it  Fotlow8  that  in 
any  given  time  the  number  of  tumB  made 
by  the  disk  is  i>ropx>rttuniil  to  the  electric 
energy'  supplied  to  the  line.  Geared  to 
the  ahaft  of  the  disk  is  a  revolution  w)imter 
T  The  fni'O  of  the  dials  of  the  nn'olntion 
eiMniler  is  slinwti  in  Fig.  3R4.  The  rending 
of  \\\i*iv-  liiala  is  207700  kilowatt'-hours. 


KILOWATT-HOURS 
Ftu.  384. 


QrESTlONS 

1.  Draw  a  diagram  of  the  windings  of  a  direct-current  two-pole  shunt 
motor  whoflc  armatun*  will  rotate  in  the  clockwise  direction  when  the  left 
|iole  is  north  and  the  brush  on  the  upf>cr  side  of  the  commutator  is  negative. 

2.  Kxplain  why  a  series  mot^ir  with  laminated  field  urul  iirmuture  etirea  is 
rnore  efficient  when  operated  on  direct  current  than  when  operated  on  alter- 
nating current. 
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5.  Show  t.a\  that  for  given  connections  a  series-wound  dirr'«Dnftt 
motor  and  thaianm  will  run  in  opposite  directions;  (b),  that  a  shiiHrooBd 
iimolum*  will  run  in  the  some  direction  whether  used  as  a  inotiorasi 
dynamo;  (r),  that  the  direction  of  rotation  of  a  diflfercntial  compouDd-wound 
motor  will  depend  upon  the  relative  strengths  of  the  series  and  shunt  Sdd 
wils. 

4.  For  all  modem  motom,  weakening  the  field  raises  the  speed.  .  But  if  the 
armature  be  of  sufficient  resistance,  weakening  of  the  field  will  decrease  tW 
speed.     Explain. 

6.  The  fields  of  a  certain  motor  are  8;^paratc]y  excited  by  means  of  & 
battery.  On  joining  the  motor  brushes  with  the  brushes  of  a  direct* cuirott 
series-woimd  dynamo,  it  is  found  that  the  direction  of  rotation  of  the  moioc 
armature  reverses  ptTiodically.     Explain. 

6.  Show  how  the  cotmter  electnjmotive  force  of  a  motor  can  be  <kte^ 
mined. 

7.  When  a  given  motor  w  running  mon*  rapidly,  ]eas  power  is  abiy>rbed 
than  when  it  is  nmning  slowly.     Explain 

363.  Rotary  Converters. — By  inwins  of  an  electric  motor  ron- 
nc(»t<»d  to  a  dynamo,  eni»rK\-  from  an  olectric  rircuit  can  be  tran?^ 
foniuHl  into  mechanical  work  and  retransfonncd  into  electric 
energj'  of  different  electromotive  force.  Such  motor-generator* 
are  also  used  for  the  transformation  of  alternating  current*  into 
direct,  or  the  rev<»rse. 

The  motor  and  the  dynamo  need  not  Ix^  separate  machine;:. 
Machines  an*  in  connuon  use  consist  ins  of  n  stati(mar>-  miiltiix»Lsr 
field  enerpzetl  by  a  separate  direct  currei»t,  and  a  revolving  anna- 
tiirc  provided  with  a  conunutator  on  one  en<l  and  collector  rings 
on  the  other.  Su<Oi  a  n»a<-hin<'  is  called  a  rotarj'  converter. 
Rotary  converters  are  ma<le  which  have  an  efficiency  as  hifch  as 
94  ix»r  cent.  They  are  much  us(m1  in  interurhan  electric  railway 
MilwtatiouK  for  transforming  liigh-tensiou  alternating  current  into 
lower  tension  dircM't  current. 

364.  Transformers.-  For  transfornunj:  an  alternating  current 
into  another  of  diffiTcnt  elect  romoliv**  force  we  have  a  very  simple 
device  with  no  moving  ])arts.  ('o!isi<lcr  a  closcil  iron  ring  wnip|ie;I 
with  two  coils  of  insulated  wire,  l/'t  one  <'nil  l>e  conncH't^nt 
t<»  a  source  of  alternating  electromotive  force.  This  coil  is  called 
the  "  primary  '*  coil,  and  th<'  other  is  called  the  *'  secondar\-  " 
coil.     While  the  curnnjt  in  the  primary  is  changing  in  magnitude 
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will  bo  a  change  of  the  magnetic  flux  in  each  turn  of  both 
fche  priinan'  and  the  secondao*  coils. 

If  llie  change  of  magnetic  flux  in  each  turn  be  the  same,  the 
eJwtromotive  force  thereby  induced  in  each  turn  will  I>e  the  sanje. 
(To  ensure  each  turn  of  wire  of  tlie  two  coils  being  subjected  to 
tbe  same  change  of  fliLX,  the  two  coils  are  not  apart  as  repre- 
9ei»ted  in  the  diagram,  Fig.  385,  hut  arc  either  wound  one  on  top 
of  the  other,  or  the  turns  of  one  tlistrib- 
Utcd  amongst  the  turns  of  tlio  other.) 
Representing  the  number  of  turns  in  the 
primary  aiul  in  the  sec^mdary  coils  by  ni 
and  no,  respectively,  and  the  electromotive 
frtpcea  induced  m  the  two  coils  by  ei  and 
r-j,  respect  iveJy,  it  follows  tliat  if  the  rate  of  change  of  fiux  is  the 
le  for  each  turn  of  wire, 

'-i  =  ^ (217) 


Fuj.  asrt. 


The  electromotive  force  c'l  Impressed  on  the  primary  coil  by 
the  outside  source  sends  ciurent  through  this  coil  in  opposition 
t-o  the  back  electromotive  force  of  self  indiictinn  ci.  If  the  rej^ist- 
ance  of  the  primary  coil  be  small,  the  en(Tg>'  k»st  in  it  by  heat 
will  1k'  negligible,  and  (hi*  back  electromotive  force  c\  will  be 
nearly  equal  to  llie  imprestitHl  electromotive  force  e'l.     That  is, 


C3  ~^n2 


(218) 


That  is,  by  using  the  proper  number  of  turns  of  wire  in  the  two 
coils  of  such  a  device,  it  is  possible  to  develop  any  desired  electro- 
motive force  in  the  secondary  by  means  of  any  given  electromotive 
force  impresaed  on  the  primary'. 

A  device  consisting  of  two  coils  wrapped  on  an  iron  ring  by 
which  an  alternating  clectromoti\H?  force  of  one  value  can  be  trans- 
formed into  an  electromotive  force  of  a  different  value  is  called 
a  sOiiionanj  transfDrtrttr.  If  f?i  be  greater  than  no,  €2  will  be 
^Tiialler  than  e'l,  and  the  transfomier  is  said  to  "  st^p-down  ^' 
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the  electromotive  force.     If  nj  be  less  than  na,  €2  will  be  ^^^j^ 
than  e'l,  and  the  transfoniicr  Ls  said  to  "  st<'p-up  "  the  eleC^     " 
motive  force.     The  same  transformer  may  l^e  used  either  3^ 
step-down  or  as  a  step-up  transformer.     Ilic  primary  of  a  pt^J 

down  transformer  Ls  usually  called  the  **  high-tension  coil," 
the  secondary  is  calltil  the  "  low-tension  coil."     In  the  case  of 
step-up  transformer,  the  primary  is  the  low-tension  coil,  and 
secondary  is  (ho  high-tenKion  coil.     A  modern  transformer  wil 
out  the  coutaininp;  case  is  shown  in  Fig.  386, 

In  practice,  the  primaries  of  transformers  supplying  various 
buildinKB  are  connecW  in  parallel  across  the  distributing  Uw 
froui  Ihe  i-entrul  station.     I-iiintis  and  motors  are  counecte-d 
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parallel  across  the  seconilary.     When  the  secondao"  circuit 
open,  that  is,  when  no  current  is  flowing  in  the  secondary  cireui 
the  priniiity  acts  us  a  choke  coil  and  the  current  in  the  primar>' 
consequently  very  small. 

On  conned  inj^  lamps  or  motors  across  the  9eeontlar>"  line  an' 
altci-nating  current  will  H*iw  through  the  secondary  coil.  It  can 
be  shown  that  while  the  primary  current  is  rising  in  value,  ih^| 
secondarj^  current  is  falling;  and  while  the  primary  current  is 
faUing  in  value,  the  s^H*ondary  is  rising.  The  cluanging  magnetic 
flux,  produced  by  the  varying  secondary  current,  induces  in  the 
primary  coil  an  electromotive  force  in  the  direction  opposite  to  the 
Imck  electroniotivo  force  of  self  induction  in  that  coil.  Tliis  <Iini::_ 
inution  in  the  opposition  to  the  impressed  electromotive  foi 
permits  a  greater  current  to  flow  in  the  (iiitnary  coil.  Thus,  wh( 
current  is  taken  from  the  secondary,  the  primaiy  current  inci 
and  more  power  is  taken  from  the  main  line.     Whatever  amount 


A  M  povi^ir  ig  taken  from  the  sccondan',  a  practicall>'  cc\nn\  amount  is 
I  wten  iroiu  the  niaiii  line.  In  this  sense  a  stationary  transformer 
is  siwi  to  be  "  self-rej^latinR."  Stationary  transformerfi  are 
^^^  in  which  the  loss  of  power  chie  to  resistance.  e<ldy  cunents 
wui  h vster»«is  is  so  small  that  uL  riTtain  loads  the  power  delivrre<l 
ty  (he  set^ondary  is  as  much  a^  98  per  cent  of  the  power  supplied 
(o  (he  primar>'. 

SinvQ  induced  electromotive  force  is  proportional  to  the  rate  of 
duDge  of  magnetic  flux,  and  the  rate  of  rhanK(?  of  magnetic  flux  is 
proportional  to  the  frequency,  it  might  he  supposed  *hat  the 
,>Bcondary  electromotive  force  of  u  trarisforiuer  u(»uld  dc[x»nd 
llpoo  the  frequency.  But  it  must  be  remembered  that  with 
'increase  of  frwjuency  there  is  an  increase  in  the  primary  hack  elec- 
tromotive force  and  a  consequent  ilimiimtion  of  primary  current 
had  magnetic  flux.  In  actual  traiLsformers  the  diminution  of  Hux 
due  to  increased  frequency  is  such  that  tlie  secondary  clectro- 
inotive  force  is  imleiKMulent  of  ihr  fre<|ueii{'y. 
'  366.  Stationary  Transformer  Current  Relations. — Since  the 
jiower  in  the  s<H!ondary  ci*il  so  nearly  ecjuals  thtU  in  (fie  primary, 
ire  may  write 
I  ei'ii*  =  €212, 

rhere  ('i  is  the  current  in  the  primary  eoil  due  to  the  impressed 
(lectromotive  force  e'l. 

ponflequently,  from  (218) 

^      ^ (219) 

Tij 


)r,  in  words,  the  ratio  hetvveen  the  current  in  the  primary  coil 
lue  to  the  electromotive  force  impressed  by  the  outside  source, 
ttid  the  current  in  tlie  secondary,  is  very  nearly  the  same  as  the 
alio  between  the  number  of  turns  of  wire  in  the  secondary  eoC 
knd  the  number  of  turns  in  the  primary. 

366. — The  current  relations  in  a  stationary  transformer  will 
low  be  considered  in  more  detail.  The  curr*_'nt  in  the  secondary 
toil  of  a  stationary  tmnsformer  sets  up  a  magnetic  Hux  opposed  to 
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the  flux  due  to  the  current  in  the  primarj'  coiL  The  decree 
thereby  produced  in  the  back  electromotive  force  of  self  inducti( 
*'i  ill  the  primary  coil  will  ciuis*'  an  increase  in  the  primar>'  current 
This  current  will  increase  until  the  increase  of  the  magnetic  fix 
thnreby  prciduced  <levelnp8  a  back  electromotive  force  of 
induction  in  the  priniarj'  coil  which  is  again  nearly  equal  to  t! 
impressed  elect ronujlivc  force,  that  is,  until  the  resultant  magnet 
flux  in  the  core  has  nearly  the  value  it  has  when  the  seoonc 
current  ih  zero.  Now,  when  the  secondary  current  is  zero,  tJ 
is,  when  the  secondary  coil  is  on  open  circuit,  the  core  flux  i^  di 
to  the  magnetizing;  current,  ii,  produced  by  the  resultant  of  ti 
impressed  electromotive  force  and  the  back  e-lectromotive  force 
self  iruluftion  in  the  primar\'  coil.  Therefore,  whatever  the  value 
of  the  secondary  current^  the  core  flux  is  nearly  the  same  as  that 
which  would  be  prtHlucetl  by  a  current  ii  in  the  primary  coil. 

Wlien  the  secondar>'  coil  is  closed,  the  alternating  electro- 
motive force  f-2  will  ilevehiji  in  it  an  alternatinR  current  12-  The 
magnetic  flux  thereby  produced  will  induce  in  the  primary  coil  a 
current  t'l  in  the  sjitne  direction  as  n,  and  in  the  opposite  direc- 
tion to  i2-  The  core  flux  is  nt>w  equal  to  the  sum  of  the  fluxes 
due  to  I]  and  /'i  diminished  by  the  flux  due  t^  1*2.  And  since  the 
combined  magnetic  effect  of  the  two  coils  is  the  same  w^hat^ver 
the  current  in  the  secondary;  and  tiiiice  when  the  secondary  circi 
is  op<*n,  the  core  flux  is  that  due  in  the  magnetizing  efl"ect  of  rj 
we  can  w^ril*", 

Total  core  flux  at  any  instant  [  =  flux  due  to  i|  -|-  flux  due 
t'l— flux  due  to  ?'2|^flux  due  to  i\. 

Whence,  the  Hux  due  to  Ti^flux  due  to  iz. 
That  is,  the  magnetizing  efl'ect  of  I'l  equals  that  of  h. 

Now  the  magnetizing  efl'ect  of  t'l  is  measured  by  nu'i,  ai 
that  of  12  by  ?i2t2.     Whence,  ignoring  algebraic  signs, 


or 


nit  1  =  na*a 


where  i'l  equals  the  current  in  the  primary  coil  due  to  the  elect 
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motive  force  impressed  on  the  coil  by  the  outside  source,  1*2  repre- 
sents the  current  in  the  8econdar>'  coil,  and  n\  and  7(2  represent  the 
number  of  turns  of  wire  in  the  primary  and  secondar>'  coils, 
Peepec  lively. 

367.  The  Number  of  Turns  in  the  Primary  Coil, — An  inspec- 
tioQ  of  (218)  might  lead  one  to  suppose  that  the  numlxrr  of  Lurus 
in  the  primar>'  coil  of  a  stationarv  tinnsfornicr  is  unimportant  so 
long  as  the  number  of  turns  in  the  secondary  is  pr<>perly  selerlc<i 
with  reference  to  the  primary.  There  is  nothing  ii»  this  equation  to 
Suggest  that  it  might  not  be  entirely  satisfactory  to  have  the 
primary  coil  of  a  step-up  transformer  consist  of  a  single  turn.  A 
little  consideration,  however,  shows  that  for  a  given  transformer 
it  is  not  well  tri  diminish  the  prinuu-y  turns  below  a  certain  numl>er. 

The  core  flux  must  Ix'  suffiriont  to  imtuce  in  the  primary  coil 
a  back  electromotive  force  practically  equal  to  the  impressed 
electromotive  force.  The  luagnitude  of  the  core  flux  depends 
upon  the  mamietizing  current  in  the  prhiiary  coil,  the  number  of 
turns  in  the  primaiy  coil,  and  upon  the  magnetic  quality  and 
sectional  area  of  the  iron  core.  As  the  number  of  turns  in  the 
primary-  is  deoreaj^ed,  the  magnetizing  current  and  the  sectional 
area  of  the  core  must  \w  increased.  A  large  magnetizing  current 
implies  a  large  power  absorption  even  with  the  secondary  on  open 
circuit.  A  core  of  large  section  implies  a  transformer  of  large 
iiiitiai  cost.  It  is  therefore  expedient  to  use  such  a  number  of 
primary  turns  as  will  avoid  the  large  magnetizing  current  and 
large  core  that  otherwise  would  Ix?  necessary. 

368.  The  Ruhmkorff  Induction  Coil.^A  direct  current  of 
motierate  electromotive  force  can  be  transformed  into  cither  an 
alternating  or  a  unidirectional  intermittent  nurrent  of  high  elec- 
tromotive force  b^^  means  of  a  device  now  to  be  described.  The 
device  consist-8  of  a  straight  iron  core  of  soft  iron  wires  on  which 
is  wrapped  a  primary  coil  of  few  turns  of  thick  insulated  copper 
wire,  and  a  sec^onfiary  coil  of  many  turns  of  finer  wire  thoroughly 
insulated  from  the  primary'  coil.  The  primary  circuit  includes 
an  automatic  contact  breaker,  one  form  of  which  consists  of  an 
iron  hummer  //,  Fig.  388,  attached  to  one  eri<l  nf  a  flat  spring, 
and  an  adjustable  screw  A,     The  ends  Pi  and  F2  of  the  primarj' 
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coil  are  joined  to  the  terminals  of  a  battery  or  other  source 
direct  current. 

On  bringing  the  adjustable  screw  A  into  contact  withtte 
hammer  //,  the  primary  circuit  is  completed^  the  core  is  m^ 
netized,  an  electromotive  force  is  induced  in  the  secondary,  tk 
hammer  is  attracted  toward  the  core,  the  primary  circuit  is  hmka^ 
and  an  electromotive  force  in  the  reverse  direction  is  induced  in  the 
secondary.  The  hammer  then  springs  back  into  contact  with  the 
screw  A  and  the  same  series  of  actions  is  repeated.  An  altemating 
current  of  high  electromotive  force  is  thus  produced.  The  instn- 
nient  is  essentially  a  step-up  stationary  transformer  supplied  with 
an  intermittent  unidirectional  current.     The  magnitude  of  tb 
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Fig.  388. 


Fig.  389. 


secondary'  electromotive  force  depends  upon  the  electromotiTe 
force  impressed  on  the  primary,  the  ratio  of  the  niunber  of  tuna 
ifl  the  secondarj'  coil  to  the  nimilx^r  in  the  priniarj'  coil,  and  upon 
tfie  sud<lonness  of  the  change  of  the  core  flux  on  the  "make'' 
and  on  the  "  break  "  of  the  primary  current. 

The  su(l<lenn(*ss  of  the  alteration  of  the  core  flux  is  greatly 
diminished  by  the  opposition  to  the  change  of  primar>'  cu> 
rent  developed  by  the  self  induction  of  the  primary  coil.  In 
fact,  on  the  "  make  "  an  electromotive  force  is  induced  in  the 
direction  opposite  to  the  impreiised  electromotive  force.  TOa 
rt^tanls  the  increas(^  of  flux  and  so  diniiinsh(»s  the  electromotive 
force  induced  in  the  secondaiy.  And  on  the  "  break,"  an  electro- 
motive force  is  induced  in  the  primarj'  in  the  direction  of  the 
current  being  broken.  This  causes  a  spark  acrass  the  widening 
gap  between  the  hammer  and  the  adjusting  screw.    Thus  the 
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mtion  of  core  fliix  is  retarded  and  the  ulcctroinotive  force 
iduocd    in    the   secondary'    is    kept    low.     ThoiM-  effects  on  the 
break  "  are  iniaimizcd  by  nieaiis  of  a  condenser  connected  across 
tbe  spark  gap  as  illustrated  in  Fig.  3S9. 

A  spark  \vi\\  not  jump  across  a  gap  until  the  fXftential  differ- 
ence at  the  terminals  of  the  gap  reaches  a  certain  magnittide 
depending  upon  the  width  of  the  gap.  Without  a  condenser  across 
the  spark  gap,  a  spark  will  follow  the  retreating  hanuner.  But 
with  a  condenser  across  the  gap,  the  condenser  plates  nmst  be 
raised  to  the  sparking  pot.ential  difference  before  a  spark  will 
occur.  With  a  condeaser  of  pro|)er  capacity,  before  the  coii- 
dciLser  pLites  have  l^een  roisc^d  to  a  sufficiently  high  |K>tentiul  dif- 
ference, the  gap  will  have  become  so  wide  that  a  spark  will  not 
occur.  The  pntnar>'  circuit  being  still 
open,  as  soon  as  the  condenser  is 
charged,  it  will  disc^liarge  through  the 
primary'  coil  in  the  direction  opposite 
to  the  current  Ijciiig  broken.  The  pri- 
mary current  being  thus  suddenly  re- 
versed, the  core  flux  is  thereby  .suiklcniy 
reduced  to  zen)  and  revei-sef!  in  tliiec- 
tion.  Consequently,  on  the  "  break," 
with  a  condenser  across  the  spark  gap, 
the  core  flux  cliangtis  ver>'  suddenly 
from  a  high  value  in  one  direction  in 
opposite   direction.     The   electnuiiotive 
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a    high 
force    of 


vahie    in    \ke 
the  secondary 

on  the  *'  break  "  is  consefjucntly  very  large.  On  the  "  make," 
the  condenser  exerts  an  inappreciable  effect  on  the  magnitude  of 
the  secondary  ele<'tromotive  force. 

With  a  small  distanc^i-  lM^tw(H^n  the  tenninals  of  the  secondary,  a 
thin  spark  will  pass  when  the  primary  current  is  made,  and  a  much 
thicker  spark  in  the  opixisite  direction  when  the  primary  current 
is  broken.  With  a  longer  distance  l>etween  the  terminals  of  the 
secondary,  sparks  will  pass  only  when  the  primary  is  broken. 

The  speed  of  the  change  of  the  core  fliix  is  also  increased  liv  the 
use  of  the  straight  iron  core  rather  than  by  an  iion  ring  such  as  is 
Used  in  the  stationary  transfonner. 


i 


468 


ELECTROMAGNETIC  INDUCTION 


In  making  large  induction  coils,  manufacturers  use  in  the  m-b* 
ondary  coil  about  one  mile  of  wire  per  inch  of  spark  length  betVMi  W* 
its  terminals.  ■* 


869.  The  Autotransfonner. — ^For  small  tranflfonners  of  low  tniMftanft> 
tion  ratio,  economy  of  ooostruction  and  efficiency  of  operation  can  be  obUini 
by  having  all  of  the  turns  of  both  primary  and  secondary  coils  in  nakL  m 
illustrated  in  Fig.  391.    A  transformer  in  which  the  same  coil  is  used  forbolk 
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Fig.  391. 

the  primary  and  the  secondary  is  oaUc<l  an  autotransfonner.  If  used  aa  t 
step-down  transformer,  the  entire  coil  abc  would  constitute  the  primary,  and 
the  part  be  the  secondary.  Representing  the  number  of  turns  in  abc  by  ih, 
and  the  number  in  &c  by  ns,  (217), 

Representing  the  current  in  ob  by  t,,  and  that  in  bd  by  t'l,  (219)» 


fh  is  less  than  ni.  Hence,  when  the  secondary  is  loaded,  it  is  greats  thai 
ti,  and  the  current  in  6c  will  have  the  value  u~it. 

Step-down  autotransformers  are  used  for  reducing  the  potential  differam 
applied  to  alternating  current  motors  during  the  time  of  starting.  A  step-ttp 
auto  transformer  constitutes  a  part  of  a  common  form  of  ignition  magneto 
used  on  automobile  and  other  gasolene  engines. 

360.  Electric  Resonance. — In  Fig.  392  are  represented  a  few 
turns  of  thick  wire  P  connected  in  scries  with  a  condenser  C  and 
the  secondary  of  an  induction  coil  J.    Within  the  Ihelix  of  thick 
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wire  there  is  another  coil  5.  Each  time  the  primary  circmt  of  the 
induction  coil  is  broken,  the  condeaser  C  becomes  charged.  If  the 
potential  difference  of  the  two  condenser  plates  becomes  sufficiently 
great,  a  discharge  occurs  at  the  gap  G.  The  disc  barge  is  so  sud- 
jn  that  a  consideraljle  electromotive  force  is  iiukiced  in  the  sec- 
idary  coil  S  even  tliough  the  number  of  turns  in  this  secondary 
be  not  very  great. 

Under  certain  conditions  now  to  l>e  considen'd,  the  electro- 
tuotive  force  develojH'd  in  the  stn'ondary  coil  may  be  very  (greatly 
increased.  Suppose  that  just  U^fore  the  discliarge  takes  place 
across  the  gap  Gj  the  upper  plate  of  the  condenser  is  charged  \yo&\- 
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tively  and  the  lower  plate  negatively.  If  there  were  no  induc- 
tance in  the  circuit,  the  discharge  would  bring  both  plates  to  the 
same  [K)tential  and  wtnilti  thi-n  cease.  Rut  the  inductanre  of  the 
coil  P  keeps  the  current  flowing  imtil  the  upper  plate  of  the  con- 
denser becomes  charged  negatively  and  the  lower  plate  jHwitively. 
This  new  charge  in  the  condenser  s<K)n  stops  the  discharge  to  the 
left  through  (7,  and  starts  another  ili.seharge  to  the  right.  Tlie 
inductance  of  P  keeps  that  discharge  going  until  the  condenser  is 
again  charged  as  in  the  beginning.  This  action  may  be  several 
times  repeated,  the  frequency  with  which  the  discharge  alternates 
in  direction  dejiending  on  the  inductance  and  capacitance.  A 
large  inductance  t^nds  to  keep  the  current  flowing  for  some  time 
in  one  direction.     If  the   capacitance   is  large,   a  considerable 
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charge  must  flow  into  the  condenser  before  the  current  is  revei 
Thus,  the  smaller  the  capacitance  and  the  smaller  the  inductaiK 
the  more  frequent  will  be  the  electric  oscillations  in  the  primar 
circuit  P. 

If  the  natural  period  of  the  oscillations  in  the  secondary  is  tiie] 
same  as  the  |x*riod  of  the  Of*cillations  in  the  primary,  the  amplitude 
of  the  osfillations  in  the  secondary  will  be  very  ^reat.  Now  tin* 
|x»ri<Mi  of  an  electric  oscillation  dc(K'nds  upf>n  the  capacit^ice  aiid 
self  inductance  of  the  circuit.  By  moving  the  contact  ]x>int  A' 
tikniii,  th*'  piimary  coil,  the-  f^elf  induitiincc  lA  the  jiriiiiary  L'irriiit 
can  be  "  tuned  "  t^  the  periwl  of  the  s(x'ondar>' — that  is,  can  lio 
adjiLsted  till  tlve  two  eircuil^s  are  in  electric  rciionan<!e.  Such  an 
air-core  transfonncr  caii;iblc  of  prtHluciii^  high-frequency  liigli 
IK)teutial  dischai"v;es  is  called  a  Tcsln  coil  or  osi'illation  trans£t>rmer. 
By  this  device,  potentiaLi  can  readily  be  obtained  that  are  10,000 
times  aj5  great  as  that  of  the  battery  B, 
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361.  Discharge  through  Gases. — At  atmospliorip  prpsaurc,  the 
potential  (liftVrcnce  roqiiirwi  to  cause  an  electrir  diMcliarge  across 
%  given  distance  (Ic^ikhuI.s  uimui  the  niiture  of  the  gas  jinri  upcjn  the 
shape  of  the  terminals  of  tlie  giip.  To  cause  a  spark  to  t^tart  in 
air  across  a  gap  of  one  centimeter  requires  a  potential  tlifTorence 
of  8670  volts  if  the  gap  terminals  are  metal  points,  20,670  volts  if 
spheres  of  0.25  cm.  railius,  am!  27,HICI  volts  if  sjiheres  of  one  centi- 
meter radius.  To  maintain  wparkinjj;  re{iuij'es  inuch  smaller  jxiten- 
tial  differences  than  to  start  a  spark.  At  higher  pressures,  the 
potential  differences  nccessarj'  to  produce  a  discharge  arc  pro- 
portional to  the  product  of  the  spark  length  and  the  gas  pressure. 
If  the  gas  pressure  is  gradually  reduced  below  the  atmospheric 
pressure,  the  spark  potential  at  first  decreases,  and  then  at  lower 
imssures  increases.  At  ver>'  low  pressures  no  discharge  occurs. 
^BThe  appearance  of  a  dis(;hargc  through  a  gas  at  pressures 
much  below  that  of  the  atniosphere  clianges  consitlerably  with 
change  of  pressiur.  If  a  suificjeut  electromotive  force  1h^  iiupresstrd 
on  electrodes  sealed  in  a  glass  tube  and  the  tube  be  gradually  evacu- 
ated, there  will  Ik*  obs<*rved  a  carmine  streak  iif  light  <'xtendiug 
from  one  electrode  to  the  other  when  the  pre-ssurc  is  alxjut  IK)  nitn. 
of  mercury.  At  a  pn^asure  of  alK)ut  5  mm.  of  mercury  the  cathode, 
(negatively  charged  electrode),  is  surrnuncied  by  a  faint  vif>let 
glow  and  a  faint  pink  haze  e^t^^ruls  from  the  aaode  (positively 
charged  electrode),  nearly  to  the  cathode  glow.  The  dark  gap 
separating  the  eathoth?  glow  G  from  the  iHJsitive  column  C,  Fig. 

t,  is  called  Faraday's  dark  space. 
At  a  lower  gas  pressure,  say  one  millimeter  of  mcrcur>%  a  second 
gap  called  Crooke's  dark  space  is  ol>8erved.     This  gap  C,  Fig.  394, 
itween   the   cathode   and    tlie  cathode  glow.      The  positive 
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column  occupying  three-foiu-tlis  or  more  of  the  length  of  the  tube 
now  consists  of  alternntc  bright  and  dark  stria. 

As  the  gas  pressure  is  further  diniinislied.  Ihe  Crooko's  dark 
space  lengthens,  till  at  pn^suros  iu5  low  a,s  0.001  mm.  of  mercur>'  it 
fills  the  entire  tube.  The  space  within  the  tube  is  now  nonlumi- 
nousj  but  the  walls  of  the  tube  opposite  the  cathode  are  bhlli&atlv 


-€ 


rrom 


phosphorescent.     A  bright  sp<it  B,  FiR.  395,  directly  in  front  of  the 
cathode,  Ls  ospcrially  fitrikiiig. 

362.  Electrons  and  Cathode  Rays.--Wien  electricity  is  passed 
between  two  elect rottet^  in  a  glass  tube  evacuated  to  about  onft^ 
milLonth  of  an   atmosphere,   a  bright   fluorescent  spot   appear^H 
on  the  glass  surface  op|iusite  the  cathode.    An  obstacle  placed 
between  the  cathode  and  the  fluorescent  spot  cast^  a  shadow  and^B 
is  acted  upon  by  a  force  directed  away  froom  the  cathode.   If  sV 
suitable  electrode  joined  to  an  electroscope  be  placed  in  front  of 
the  fluorescent  six)t,  the  electrode  will  l>e  found  to  l)o  negatively 
charged.     These   experiments   indicate   that    negatively  charged 
particles  leave  the  cathotle  and  proceed  in  straight  lines.     If  the 
tube  l>e  placed  in  either  a  magnetic  field  or  an  electric  field,  the, 
fluorescent  s|x>t.  will  move  to  one  side,  and  in  the  direction  reqi 
by  the  above  hx'pothesis. 

Numerous  other  experiments  seem  to  indicate  definit^^ly  tl 
existence  of  miiuite  negatively  charged  particles.     They  havi 
mass  of  1/1S45  that  of  a  hydrogen  atom,  or  about  10-*^ 
They  have  a  diameter  of  alK>ut  2(  I0~^^)  cm.,  and  a  charge  of  about 
5(10~'**)  electrostatic  units.     Their  speed  varies  as  the  square  ri:)ot' 
of  the  potential  difference  of  the  electrodes.     With  high  potential 
differences,  speeds  as  high  as  one-third  that  of  Ught.  have  been 
measured.     These  minntc  negatively  charged  particles  are  called 


xkcirtms.  A  stream  of  electrons  set  into  rapid  motiou  of  transla- 
.ion  by  an  electric  field  of  force  is  called  a  atfhfxie  my. 

At  a  spot  where  cathode  rays  iuipingc  on  matter  there  are 
developed  heat,*  light,  force,  a  negative  charge  and  Roentgen 
or  X-rays.  The  passage  of  a  cathode  ray  through  a  gas  greatly 
increases  the  electric  conductivity  of  the  gas.  A  cathode  ray  is 
accompanied  b)'  a  magnetic  field  in  circles  in  planes  normal  to  the 
ray.  Since  electrons  are  charged  IkhIics,  electrons  and  cathode 
rays  are  acted  upon  by  forces  when  in  electrostatic  fields.  Elec- 
trons are  repelled  by  other  electrons  and  by  all  negatively  charged 
bodies.     They  are  attracted  by  all  positively  charged  bodies. 

Electrons  arc  emitted  l>y  any  h{Kiy  cliarged  to  a  sufficiently 
iow  electric  potential  and  by  bodies  raisetl  above  a  red  heat. 
EHectrons  ciniltcd  by  a  hot  body  arc  often  rnllcil  Ihirmionif.  The 
rat^  of  emission  of  electrons  is  increa^sed  when  tlic  temperature  is 
increased,  when  the  electric  j>otential  of  the  substance  is  decreai*ed, 
and  when  the  pressure  of  the  surrotmiling  gas  is  decreased.  Elec- 
trons are  en»itte<l  by  coniluctors  when  cxixiscil  in  light  of  suffi- 
ciently high  frequency.  This  phenomenon  is  called  the  photo- 
electric effect.  RatUum  s[)oiitancou8ly  cniity  flertrons,  called 
beta  particles,  having  speeds  varying  from  about  0.3  to  0.98 
that  of  light.  Electrons  are  also  emitl-tHi  during  some  chejiiical 
reactions,  f 

The  ultimate  nature  of  the  electnjn  is  unknown.  In  verj- 
general  tenns  it  is  sometinw^s  descril>ed  as  a  localised  condition  of 
the  ether.  This  means  thai  ihv  clectnjii  is  c<uiceivcil  lo  miisist  of 
a  portion  of  ether  different  i)i  stmic  Lms|K'cifiiHl  inauiirr  fi<im  the 
surrounding  ether.  A  jxirtion  of  i*ther  having  different  density 
or  (hfferent  elasticity  than  the  surrounding  ether.  an<l  a  portion  of 
the  ether  in  vortex  motion,  are  cxaniph's  uf  locaUzcd  condiiiuns  uf 
the  ether.  None  of  these,  however,  serves  any  useful  purpose  in 
picturing  an  electron. 

In  diagrams,  we  indicate  the  direction  of  an  elet^tric  current  by 
an  arrow-head.     It  is  convenient  to  indicate  an  electron  flow  by  a 

^    *  By  iIm)  impact  of  cnllititk-  rays  plutimini  {mt>]tiDf-polot  about  tyW  C)  and  tunexlcn 
F.-(JBdttng-poiQt  about  3300^  C.)  have  been  melted. 

t  For  rxnmplc.  during  the  oxidation  of  phosphorun  tii   moist  air,  atid  during  the  rum- 
bination  of  nltrie  oxide  with  largr  riccaa  of  chlorint. 
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douhl<:^point4?d-  arrow-hcml.  For  a  long  time  the  direction 
mttlioii  of  positive  chiirges  has  Uvn  calletl  the  direetion  of  I 
current.  Thus  the  direction  of  the  electric  current  is  opix>sitc 
the  el*H'trnTi  flow. 

363.  Matter  and  Electricity. — If  whatever  opposes  any  change 
of  motion  be  calletl  inertia,  then  the  opposition   which  an  elect 
current  offers  to  a  change  in  magnitude,   called  self-intiucti 
may  l)e  ronHiclen*d  to  bt^  due  to  inertia.     Siuec  elect  rieity  |x»» 
this  fundamental  characteristic  of  matter,  an  electric  charge 
said  to  |)ossi^ss  ekM^tmniagnctJt;  mass.     FVom  theoretical  conside 
tions,  Maxwell  showed  that  electromagnetic  mass  increases  wh 
the  speed  of  the  charge  increasen,  becoming  very  great  when  t 
speed  approaches  that  of  light.     It  Is  experimentally  found  tha 
the  inertia  of  electrons  is  measurably  greater  at  speeds  appnmeliini 
that  of  light  than  at  lower  speeds.     It  may  be  that  the  entire  n 
of  an  electron  is  of  electromagnetic  t)rigiu.     Many  facts  stiggi 
that  matter  and  electricity  are  identical)  but  at  present  we  are  not 
certain. 


ling 
not 

.t«d    1^1 

matin^^ 


864.  Vacuum  Tube  Rectifiers. — The  fact  that  electrons  are  einitt«d 
meial.s  raisetl  atiovo  rtil  lioal  is  utilised  in  devioea  f<ir  rtirtifying  alt<?mati 
purrenb*.  In  Fig.  390  is  represented  a  highly  evaeuutcd  bulb  provided  with 
a  lamp  filament  F  operated  by  a  battx^ry  fii,  aiid  a 
metal  plate  P  connected  to  the  po»itivc  pule  of  a 
balterj-  flt.  When  the  hliiment  is  heated  nl)ovc  r< 
nesa  electrons  iire  emitUnl.  The  piwitively  cliurj 
plate,  by  attrartinK  these  elertnms,  e»«tabli»h(9t 
electron    Mow    frxim    the    filament  to  the  plate      Tl 

I '  _3:_        means   tliat  an  eleetrie   current  is   flowing   from 

Ij  I    J  plate  to  the  filament.     If,  howe\'er,  the  plate  be 

I '  lively  chartced,  no  eleclixjns  will  be  attraeted  towai 

the   plate    and   there   will  be  no  electron  flow  and 
electric  current.     If  the  battery   Bt  be  replaced  by 
souri'C  of   HltcnuUinK  current,   there  will    l.»e   an  eh 
tron  flow  only  when  the  plate  Ls  churgL'd  poajtively.     Thus,  by  eliniinating  tJ 
alternate  oacilltttitJiis.  tluH  vacuum  tube  device  reetifurH  or  renders  undirectioj 
an  alternating  current.     Highly  exhausted  tubea  of  this  port,  called  kcneti 
tubes,  can  be  obt.aincd  for  reetifying  alternating  currents  up  to  180,000  voll 
The  current  carried  by  a  single  tube  is  but  a  fraction  of  an  ampere,  but  tul 
can  be  arranp^d  in  multiple  so  that  the  group  will  carry  several  amporcs. 
With  (lie  filnmeTit  terni>erature  conytant.  a  constant  stream  of  electrunfi 
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be  cntiltetl  by  tlw?  Blumeiit.  The  rate  at  whieh  olectnuw  will  flow  loward  the 
piiiU'  Jc(>t»n(U  ujKin  ihe  eloctric  pot^ntuil  of  ihc  IfttUT.  With  thf  plurc  at  a 
certain  (loteutiul,  the  electrons  will  flow  toward  the  plaU-  as  fnst  iis  emitted  by 
the  filament.  The  maximum  electron  flow  i^  called  the  saturation  current  of 
the  tube  for  the  particular  filament  temperature.  For  u  higher  filament 
trniperaturc  the  saturation  current  will  be  greater. 

366.  Thrce-electrodc  Vacuum  Tube. — By  adding  to  the  two-electrode 
vmcuum  IuIjo.  juj-t  de»<ribed,  ii  grid  of  wire  or  perforated  motal  (i,  which  cad 
he  rharged  lo  various  pot4*ntialH,  Fig  .^97,  the  electrtm  flow  Ix-twren  the  fila- 
ment zujd  plate,  and  conse*|uently  the  I'lei-trir  rtirrenl 
in  the  plate  ciretiit  li^VFRi,  ran  Iw*  controlled  within 
wide  limits.  An  inrreiune  of  the  grid  [vitential  rauws 
an  increase  in  the  »(M?cti  of  the  electron  flow  ami 
ii»iw«etpu'nlly  an  Increase  in  the  ]>late  current;  whorca.** 
a  deen^ajse  of  the  grid  |Kjiential,  l>y  |>n "during  ti  dinji- 
nutinn  in  the  apeed  of  the  eleetron  flow,  cauiie»  a 
derreiuie  in  the  plute  current.  Thus,  the  relation 
betwcem  the  plntc  current  and  the  eleetromotive  forw 
of  the  bottery  Bj  is  not  the  simple  one  exprawed  by 
Ohm'a  Law.  Tlie  plate  ctirrent  is  not  proportional  to 
the  eleotromotive  force  of  B%. 

For  a  particular  threc-electrode  vacuum  tube  with  the  plate  maintained  at 
a  giveti  potCDtiAl  and  the  filament  maintained  at  a  given  temfieruture,  the 

relation  between  the  plate  current 
and  the  potential  of  the  grid  rela- 
tive to  the  filament  is  shown  in 
Fig.  398.  An  inspection  of  this 
curve  shown  that  if  the  relative 
grid  potential  be  that  represmted 
by  A,  R.  given  diTtiiiiiition  of  grid 
potential  will  prodiioe  a  much 
greater  olmngc  in  the  plate  cur- 
rent tluin  will  an  equal  imTease 
of  the  grid  jjolential.  Again,  if 
the  relative  grid  potential  be  that 
represented  by  B,  a  given  diminu- 
tion of  the  grid  potential  will  pro- 
duce a  nmch  smaller  change  in  the 
plate  ciurent  than  wiU  an  equal 
increase  of  the  grid  potential. 
Thus,  when  operating  at  either 
bend  of  the  curve,  Fig.  398,  if  thore  be  impre8se<l  on  the  grid  an  alternating 
electromotive  force,  the  current  in  ttie  plate  circuit  will  be  almost  com- 
jilctely  rectified. 
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If  the  grid  were  rcmovod,  ihc  space  formerly  occupied  by  the  (prid'tr'^uld 
Hi  a  certaiti  electric  tM>tential.     When  the  grid  is  present,  suppose  it£  poteatiaJ 

be  niuiiitained  higher  than  thw  vaJue. 
The  charged  grid  now  increasea  the  r»ie 
of  eleetron  flow,  and  hence  the  electric 
ciUTcnl,  in  the  plate  circuit.  The  rectified 
^<\  V        '    /  electromotive   force  and   current    in   the 

VU/  ^ ^    ^t.  plate  circuit  BjPFBi  mny  Vk'  mode  many 

~  times  as  great  as  the  alternating  electro- 

motive force  and  current  supplied  by  A,, 
Fig .  39tt  The  three^loctrode  vacui 
tube  is  much  UM*d  a»  an  aixipUfier 
minute  current.s  in  long  distance  tele- 
phony and  in  wirole8&  telegraphy.  One 
'audion." 


Ui» 
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366.  Structure  of  the  Atom.-  -A  satisfactory'  atom  model  must 
correlate  such  diverse  fact^i  us  the  relation  between  the  chemical 
proi)ertie8  and  the  atomic  weights  of  the  elenients  shown  in 
McndeI<f*efT's  Poriodif  Table,  the  laws  of  electricity,  uiagnctii^m, 
radiation,  as  well  as  the  arrangement  of  the  lines  in  the  spectrum. 
Although  nn  aU>iu  model  thus  far  imagined  has  met  with  general 
acceptance,  the  atom  models  built  of  electrons  are  not  only  very 
promising,  b\it  evt»n  at  the  present  time  are  also  highly  useful  f 
the  purpose  of  fixing  the  ideas  upon  an  easily  apprehended  m 
an  ism. 

All  atom  modebi  built  of  electrons  consist  of  a  positively  chari 
nucleus  and  one  or  more  negatively  charged  electrons.  In 
unchargini  atom  the  total  negative  charge  of  the  associated  el 
trons  equals  the  charge  of  the  jxjsit  ive  nucleus.  As  we  do  not  know 
whether  an  electron  is  a  speck,  a  thin  ring,  or  some  other  shape,  we 
can  refer  tt»  the  diameter  in  only  an  arbitrary  sense.  But  assum- 
ing that  the  mass  of  an  electron  is  eritiroly  electrical,  we  can  co; 
pute  the  diameter  of  the  sphere  over  which  the  known  charge 
an  electron  would  need  to  be  distributed  in  order  that  it  may  ha 
the  kn(>wn  ma^  of  an  electron.  This  diameter  is  foimd  Ui 
ab(mt  4(10"^**)  cm.  Now  the  diameter  of  a  hydrogen  molecu 
is  supiKJsed  to  be  about  2(10~®)  cm.  Coasef^uently,  the  ''equiva- 
lent diameter  "  of  an  electron  is  abimt  0.00002  the  diameter  of  a 
hydrogen  molecule.     There  arc  reasons  for  believing  that 
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T  than  0 


diameter  "  of  the 


3itive  nucleus  of  no  atom  is 
.n  0.0001  the  (iiameter  of  the  atom.  The  atom  is  highly 
porous.  Nearly  all  of  the  volume  occupied  by  an  atom  is  cavity, 
a  niunl^er  of  bees  are  flying  alx)ut  a  sparrow  poistnl  at  the  center 
of  a  spherical  cavern  2000  ft.  in  diameter,  the  relative  sizes  of 
cavern,  sparrow  and  bees  are  a]>out  the  i^-ame  as  thote  of  an  atom, 
its  positive  nucleus  and  its  electrons. 

The  niunber  of  negative  electrons  in  an  atom  Ls  conceived  to 
vary  from  one  to  nearly  100,  depending;  upon  the  atomic  weight. 
Tbe  hydrogen  atom  is  supposed  to  consist  of  a  single  negative 
electron  and  a  positive  nucleus  with  an  equal  charge.  The  gold 
atom  is  supposed  to  consist  of  79  negative  electrons  and  a  positive 
nucleus  with  a  charge  equal  to  the  total  charge  of  the  associated 
electrons.  It  may  be  that  the  positive  nucleus  of  an  atom  consists 
of  positively  charged  particles  aeparat^^d  from  on(^  another  l>y  con- 
siderable distances,  and  each  with  a  charge  equal  to  that  on  a 
negative   electron. 

The  reason  why  the  negative  electrons  of  an  atom  do  not  fall 
into  the  positive  nucleus  is  a.ssumed  to  l>e  that  the  electrons  are 
revolving  about  the  nucleus  like  the  phuictjH  alK»ut  the  sun.  Dif- 
ferent electrons  are  assumed  to  Ik*  rovolving  in  orbits  of  diffei'cnt 
radii.  These  orbits  can  be  changed.  A  diminution  in  the  radius 
of  an  orbit  of  an  electnm  is  a.ssinne<i  by  Bohr  to  he  accompanied 
by  a  loss  of  cnergj'  of  rotation.  Radiation  Lh  considerL-d  to  be  due 
lo  such  a  diminution  in  the  radii  of  the  orbits  of  electrons. 

Electrons  close  to  the  positive  nucleus  of  an  atom  would  be 
more  strongly  lield  than  electrons  farther  away.  Tlic  loosely 
attached  electrons  tKat  can  Ix?  readily  drawn  away  by  outside 
forces  may  either  bc^comc  attarheii  to  other  atoms  or  remain  free. 
An  atom  that  has  lost  an  electron  is  positively  charged,  and  one 
that  has  gained  an  electron  is  negatively  charged.  A  charged 
atom  or  group  of  atoms  is  called  an  ion.  Gases  may  be  ionized 
by  cathode  rays,  X-rays,  hot  l.Hidies  and  radioactive  substances. 

367.  X-Rays. — In  1895  Roentgen  discovered  that  at  the  place 
I  where  cathode  rays  strike  a  soUd  there  L^  ('niitt^'<l  something  which 
I  is  invisible  but  wliich  affects  phot^igraphic  plat-es,  causes  certain 
I    crystals  to  fluoresce,  and  which  is  readily  transmitted  by  many 


tion  of  biillcts  and  in  the  examination  of  fractures  and  diseased 
tisHues.     For  exiiniple ,  if  a  fracliuod  arm  he  placed  for  a  few  seo^ 
onds  between  a  photographic  plate  and  a  source  of  X-ra>'S,  and  tl^| 
plate  be  develojKid,  the  bones  will  show  as  dark  shadows  sharply 
distinguished  from  the  surrounding  flesh.    Fig.  400  is  an  engrav 
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im  X-ray  photographs  of  a  broken  wrist.     The  upper  picture 
►W3  exactly  what  was  the  matter  with  the  wTist,  and  the  lower 
ticture  shows  the  success  of  the  reduction  of  the  frattitre. 

When  required  in  physical  examination,  X-rays  are  produced 

a  special  form  of  vacuum  tube.     The  penetrating  power  or 

hardness  "  of  the  rays  is  increased  by  diminution  of  gas  pressure 

ithin  the  tube  and  by  an  iucre.ase  in  the  p>otential  difference  at  the 

?etrodes.     At  the  present  time  the  most  powerful  prf)ducer  of 

highly  penetrating  X-rays  is  the  CooUdi^e  X-ray  tube  illustrated 

Fig.  401,    This  is  exhausted  to  a  pressure  less  than  one  micron 

mercury.*    The  cathode  C,  shown  en  a  larger  scale  in  Fig.  402, 


X 


4?  ^ 


Fifl.  402. 


consists  of  a  flat  spiral  of  tungsten  wire.  When  at  a  temperature 
of  2000°  C,  or  above,  and  at  a  low  electric  potential,  this  cath<xle 
eniittf  electrons  copiously.  For  the  purpose  of  concentrating  the 
cathode  ray  on  a  sniali  spot  of  the  ano<ie  A^  the  spiral  cathode  is 
placed  at  the  bottom  of  a  shallow  eyliiidrical  ctip.  The  ancnle^ 
also  called  the  anti-cathode  and  the  target,  is  a  single  piece  of 
tungsten.  With  the  tulx?  in  the  p(Ksition  shown  in  Fig.  101,  the 
X-ra>-s  will  l)e  directed  downward  in  the  form  of  a  sohd  cone  having 
its  vertex  on  the  anmle. 

Besides  l>eing  used  by  stirgeons  for  the  examination  of  broken 
bones,  the  location  of  foreign  objects  in  the  Ixjtly,  the  detection  of 
diseaseil  lung  tissue  and  the  location  of  tumors  and  abscesses, 

*  A  micron  ta  0  001  mm. 
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X-rays  are  also  usetl  by  customs  inspectore  for  the  detection 
smuggled  articles  within  innoocnt-apixiaring  packages,  the  d 
tion   of   flaws   in   metals,   the   distinguishing  of   diamonds 
injitatiniiH,  and  the  killing  of  haeteria. 

For  a  long  tiiue  the  exaet  nature  of  X-rays  has  been  in  d 
But  it  now  appears  to  l>c  well  eatablislu'd  that  X-raVs  are  ver>' 
transverse  wave  motions  in  the  ether.  They  seem  to  cUffer  f 
light  waves  only  in  the  fact  that  their  wave-lengths  are  m 
shorter.  The  wave-lengths  of  X-rays,  thus  far  measured*  Be 
between  10"*^  cm.  and  10~'  cm.  The  wave-lengths  of  light  lie 
between  4(10"^)  cm,  and  7{\i)~^)  cm.  The  shorter  X-rays  are 
more  penetrating  than  the  longer  ones. 

368.  The  Electron  Hypothesis  of  Electricity. — Physicists  art 
now  agreed  as  to  tlic  following  prop<'rLies  of  electroius. 

(a)  All  electrons  have  the  same  mass  and  this  moss  is  very 
.small  iMmipari'd  with  the  mtusis  of  any  atom. 

{b)  All  electrons  cany  eqiiiil  negative  charges  numerically 
equal  t-o  the  charge  carried  hy  a  monovalent  ion  in  electrolysis. 

(r)  In  gases  electrons  move  frotn  a  region  of  low  electric 
p*)tential  to  a  region  of  high  iH>tential  with  a  speed  deix'iiding 
U]x>n  the  potential  gra<lient  (volts  per  cm.)  and  upon  the  pressurf 
of  th€  gas. 

'  (d)  A  gas  is  rendered  conducting  by  tlie  passage  of  a  stream  of 
rapidly  moving  electrons. 

(e)  The  impact  (tf  rapidly  moving  eleetrons  on  matter  developR 
heat,  light  and  mechaniciil  force. 

(/)  I^lectrons  are  rejx^lled  by  other  electrons  and  by  all  other 
negalively  charged  iKidies. 

iff)  Electrons  arc  attracted  by  positively  charged  bodies. 

(A)  Electrons  in  motion  are  accompanied  by  a  magnetic  field 
which  is  in  circles  having  their  planes  nomial  to  the  line  of  motion. 

{i)  Electrons  are  emitt<^'d  iiy  bodies  at  a  sufficiently  high  tem- 
perature and  by  Iwjdies  at  a  sufficiently  low  electric  fxitentisl. 
They  arc  emitted  spontaneously  by  a  few  substance*  at  ordinary 
temperature  even  when  uncharged.  They  are  emitted  during 
some  chemical  reactions  and  also  by  some  substances 
exposed  to  X-raj'S  or  to  light  waves  of  short  wave-length. 
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From  these  properties  and  cortaia  attribute,*?  ascribefl  U>  the 
eJiTlron,  together  with  the  iirtIkuusiu  of  thf^  electron  atom, 
already  considered,  there  ha^  been  constructed  a  vorj*  useful 
model  of  electrieal  proee.nse.s  ('alle*!  the  electron  liyiMtthesis  i)f 
^tricity.     Some  apphcutions  of  this  hyi)othesis  to  the  LXphina- 

3  of  the  simpler  electrical  phenomena  will  now  be  inontionetl. 

It  is  postulated  that  electrons  are  attract^?d  with  different  forci 
f  the  positive  nuclei  of  the  atoms  of  different  kioiis  of  substance. 
1  this  would  follow  the  fact  that  when  dissimilar  sulistances 

separated  from  intimate  contiwl,  each  hinly  iM'comes  clmrged, 

positively  and  the  other  negatively  t^i  the  same  di^j^ree. 

If  a  positively  charged  bofly  be  pla*^e«i  near  an  unelmrpjied  body, 
y  loosely  att-ached  eleetrons  in  the  latt^^r  wouUI  Ix?  drawn  from 
e  atom  to  the  next  txiward  the  positively  ehargi'd  ImhIv.  The 
id  toward  the  p<^itivf»ly  charged  body  woidd  be  thereby  charj^ed 
Bgatively  and  the  opposite  end  positively.  This  is  the  phe- 
DiueDon  of  electrostatic  induction. 

An  electric  conductor  is  a  substance  containing  loosely  attached 

;trons.  In  a  perfect  insulator  there  would  l>e  no  loosely 
tached   electrons. 

Electric  conduction  is  assumed  to  consist  in  the  passage  of 

'irons.  The  positively  charged  ions  from  which  the  free  elec- 
©ns  have  parted  do  not  contribute  appreciably  to  the  conduc- 

n  because  these  relatively  large  bodies  have  negligible  motion 

translation  in  the  direction  of  the  electric  force.  Current 
rength  is  measured  by  the  number  of  electrons  passing  any  sec^ 
ua  of  the  conductor  in  unit  time. 

Gases  are  rendered  conducting  by  the  impact  of  cathode 
ys  and  X-rays.  This  effect  is  conceived  to  be  due  to  the  forma- 
n  of  free  electrons  by  a  separation  of  electrons  from  the  atoms 
the  gas  struck  by  the  ray. 

Electric  i-esistance  is  the  proj^erty  whereby  a  conductor  absorbs 
I  kinetic  energ>'  of  electrons  and  converts  it  into  heat. 

The  prft|.M»rty  of  a  system  which  tends  to  set  electrons  into  mo- 
n  is  ealled  electromotive  force.  It  is  measured  in  ergs  per 
it  cluirge. 

The  explanation  of  the  electromotive  force  of  a  galvanic  cell 
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may  be  briefly  indicate  as  follows.    Wlxen  plaice  of  d 
metals  are  placed  in  water  or  cprtain  solutioDB,   each  plat* 
assumed  lo  go  into  solution  in  the  form  of  positive  ioiis.    "Hi 
name  "  electrolytic  solution  preasure"  is  given  to  the  nnj 
forw?  which  is  siippoeeti  to  j^ush  ions  into  solution.     Wbco  po«t 
ions  leave  a  plait;,  the  latUT  In^comes  negatively  clian^e^L 
rates  of  electrolytic  solution  of  the  two  substances  com] 
platens  are  different,  one  plate  will  send  more  pf>sitively  chai 
into  the  solution  than  the  other  and  in  coa-scquencc  will 
a  grejiter  negative  charge.     Within  the  cell  soujc  ions  will  ccnnh 
and  form  molccuIe«,  and  some  molecules  will  diHi(oeiat<*  inl 
Some  of  these  reactions  involve  an  aljsor])tJ(m  of  (uwrrgy? 
others  involve  a  Uberation  of  energ>'.     In  some  cells  the 
absorl^ed  exceeils  the  energy  lil)erated  during  these  ren'  * 
is  assiuned  that  this  excess  of  energ>'  causes  electroiu*  \v.,*, 
cell  to  move  toward  the  more  negatively  charged  plate.     If 
two  plates  of  such  a  cell  be  joined  by  an  outside  condticlx^r, 
will  be  a  flow  of  electrons  in  the  conductor  fronj  the  morv 
tively  diargcd  plate  to  the  less  uogativcly  charged  plate.     A  p^ 
vauic  cell  or  other  sc&\  of  eject rouu»tive  fort^e  is  really  an  elecli 
pump  which  sets  electrons  into  circulation.    There  is  no  prodt 
tion  of  electricity.     The  electrons  are  Biinply  set  into  niotion. 

It  is  a^umed  that  acting  on  two  cliarg*^  traveling  side  by 
through  the  ether  there  is  a  force  urging  them  toward  one  anoll 
when  the  charges  arc  similar,  and  a  force  urging  them  apart  wli 
the  charges  an?  dissimilar.  The  forces  actii»g  u()on  twii  ehai 
due  to  their  motion  through  the  ether  oppose  the  clcctm«l«( 
forces  acting  upon  ihem.  It  is  supposed  that  the  forces  diic  to 
steady  motion  of  chiifged  l>i)dies  throiigli  the  ether  arc  what 
usually  cidled  magnetic  forces.  The  uiugnetie  forces  a4*ting  u| 
moving  charges  increase  with  the  speed  of  the  chargait. 
become  equal  to  the  electrostatic  forces  acting  u|>on  the  chai 
when  the  sjmhhI  of  the  cluirgi's  Ix'comcs  equal  to  the  spiked  of  !i 

Tlie  clwtroetatic  force  acting  upon  eai^h  of  two  parallel  <• 
oarni'ing  conductors  Ls  7-ero  l»etu[iU8c  each  conductor  cont 
many  positive  ions  as  free  electrons.  Duo  to  the  motion 
electrons,  the  two  conductors  are  urged  toward  one  anotlicr  If 
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electron  streams  are  in  the  same  direction,  and  they  are 
apart  if  the  two  electron  streams  are  in  the  opposite  dirootion. 

An  el«;tron  moving  across  a  magnetic  field  is  acted  iip*in  Uy  a 
Force  urging  it  out  of  its  path.  Hence  electrons  possess  energ>^  of 
position,  or  potential  energy.  Th<^  iw)tential  energj'  of  an  electron 
is  found  to  Ix"  proportional  to  the  niagiiitudc  of  the  magnetic  field. 
iHence,  a  change  in  the  magnitude  of  the  magnetic  field  acrot^s 
i(rtu('h  an  electron  is  moving  involves  a  change  in  the  p<.)tential 
cnergj'  and  in  the  spewed  of  the  electron.  This  change  of  speed 
constitutes  a  change  of  current.  This  is  electromagnetic  induction. 
The  change  of  speed  is  upcompanied  by  a  change  in  the  magnetic 
field  about  the  n^oving  electron,  and  is  opposed  by  the  inertia  of 
the  electron.  The  change  in  the  magnetic  fiekl  due  to  the  changing 
speed  is  b  such  a  direction  as  to  be  opp«;»sed  by  the  change  in 
the  magnetizing  field  wliich  produces  it.  Thia  is  the  Leiiz  Law 
of  electromagnetic  induction. 

369.  Paramagnetism  and  Diamagnetism. — With  the  exception 
of  iron,  nickel  and  cobalt,  :iU  Hubslanccij  have  a  magnetic  jjennea- 
bility  near  unity.  A  substance  having  a  magnetic  |)enueability 
less  than  imity  is  called  diamagnetic,  and  one  more  than  unity  is 
calleii  paramagnetic.  The  very  strongly  paramagtietic  suljstancea 
iron,  nickel  and  cobalt  are  said  to  be  ferromagnetic.  The  mag- 
netic induction  at  a  given  place  iu  a  nuignetic  field  is  decreasetl  by 
the  presence  of  a  tUamagnetic  substance,  and  increased  Uy  the 
presence  of  a  paramagnetic  substance. 

In  the  electron  h>TX*theRis  all  magnetic  phenomena  are  due  to 
the  motion  of  electrons.  Magnet  it^m  is  an  aspect  of  electricity 
and  is  not  a  separate  entity.  When  a  substance  is  placed  in  a 
magnetizing  field,  two  effects  can  occur.  The  speed  of  rotation 
of  the  electrons  in  their  orbits  may  be  changed,  and  the  planes  of 
the  electron  orbits  may  be  turned.  The  resultant  magnetic  con- 
dition is  conceivcfl  to  bo  due  to  the  combination  of  tiieso  two  effects. 
The  diameters  of  the  orbits  are  not  siipjwsed  t-o  Ix'  changed  suffi- 
ciently to  produce  any  noticeable  effect. 

The  possible  motions,  at  any  moment,  of  all  the  electrons  of  a 
given  unmagnetized  body  can  be  resolved  into  two  equal  and 
oppositely  directed  coplanar  rotations  and  a  simple  liarmonic 
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motion  alon^  a  straight  lino  nonnal  to  thf  piano  of  these  circular 
components,  Fig,  4015.     In  tliis  and  in  the  Iwo  following .diagnuus* 

the  axis  of  the  circles  has   been   taken   parallei 

to  the  outside  niaguetic  field. 

Due  to  the  two  component  rotations  there 

are  two  conijument  magnetic  fields,  hi  and  Aj, 

Fig.  404,   along  the  axis  of  the  electron  orbiu. 

If  the  specimen  is  nnniaguetizeii,  hi— hi.    On 
Fio.  403.  bringing    the   iiiimagnetized    specimen    into  a 

magnetizing  field  II,  Fig.  403,  the  moving 
electrons  in  each  circular  orbit  wilt  be  act^d  upon  by  an  eleotro- 
magnclic  inductive  olTeet  which  will  proiluce  a  decrease  of  tbc 
current,  in  the  orbit  ^4  and  an  increfise  in  B.  Corresponding 
to  these  changes,  the  axial  magnetic  field  due  to  the  electron  flow 
in  A  diminishes  to  h'\.  and  thai  in  B  increases  to  A'2. 


ht 


Fig.  404, 


Fig.  405. 


The  magnetic  field  due  to  the  rectilinear  axial  component  0* 
the  electron  motion,  Fig.  405,  is  p<'rix'ndicular  to  the  magnctiwf*? 
field  H.  Hence  this  magnetic  field  in  unafTected  by  H,  II  follovvs 
that  the  magnetic  induction  due  to  changes  in  the  speed  of  elec- 
trons in  their  orliits  produced  by  a  magnetizing  field  //  Of\iU^ 
//+/i'j  -/i'o-f-O.  This  is  les.s  than  the  nuignctizing  field  H.  Heuce, 
if  no  other  effect  occurred,  the  specimen  would  bo  diamagnetic. 

To  exi»lain  paramagnetism  it  is  assunnnl  that  a  magnetizing 
field  will  turn  the  planes  of  the  electron  orbits  of  some  substances 
toward  the  perpendicular  to  the  direetion  of  the  magnetizing  field. 
If  many  electron  orl>i*s  are  turned  till  their  planes  are  nearly 
iionual  to  the  magnetizing  field,  the  induction  will  be  large  and  in 
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he  direction  opposite  to  that  produced  by  the  change  in  the  speed 
3f  the  electrons. 

The  resultant  induction  of  the  specimen  would  be  due  to  the 
difference  between  the  effect  of  changing  the  speeds  of  the  elec- 
trons in  their  orbits  and  the  effect  of  turning  the  planes  of  the 
dectron  orbits.  If  the  first  effect  predominates,  the  specimen  is 
diamagnetic.  If  the  second  effect  predominates,  the  specimen 
18  paramagnetic. 
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370.  Interaction  of  Changing  Electric  and  Magnetic  Fieli 
of  Force. — While  a  vertically  downward  electric  field  between 
and  Bj  Fig.  406,  Ls  diniinisliiiip;,  a  niapiotic  field  is  pi-odueed  in  the 
horizon  till    plane   and  in  the  countercloekw; 
^  direction   as  one  looks  downward.      In  fact^ 

mapiotln  field  of   force   is   produced    wherever 
then;  ia   a  ehan^inK  electric  field  t»f  fdrce  (A 
290).    Maxwell  j*howed  that  the  direction  of  t 
niagnelie  field  produced  by  a  diniinisdiiiK  electric 
field  is  the  same  as  that  of  the  magnetic  field 
alx>ut  an  electric  current  flowtnj^  in  the  direction 
oppc^site    to    tlie    electric    field;    and  that  the 
direction  of  the  magnetic  field  produced  by  an  increasing  electric 
field  is  the  same  as  the  direction  of  that  about  an  electric  current 
flowinfr  in  the  same  direction  a^s  the  electric  field. 

Henry  and  Faraday  showed  (Art.  333)  that  an  electric  current 
18  produced  in  a  conductor  HJtuated  in  a  region  where  there  us  i\ 
changing  maunrtic  field.  Maxwell  showed 
that,  whether  there  be  a  conductor  or  not,  an 
electric  field  of  force  is  produced  wherever 
there  is  a  chiuiKirtS  magnetic  field.  The  lines 
of  force  of  the  electric  field  produced  by  a 
changing  magnetic  field  in  a  dielectric  are 
closed  curves  enclasing  the  magnetic  field. 
In  Fig.  407  the  fight  lines  represent  the  lines  of  force  of  the 
electric  field  produced  by  an  increasing  magnetic  field  represented 
by  the  heav>'  line.  If  the  magnetic  fines  are  in  horizontal  planes, 
the  electric  lines  of  force  are  closed  curves  in  vertical  planes. 
When   the  above  represented  magnetic  field  diminishes  in  value, 
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'the  electric  field  will  be  in  the  direction  opposite  to  that  repre- 
sented in  the  figiuv. 

In  j^enoral,  a  changing  electric  field  or  a  chanpng  magnetic 
Id  produces  a  field  of  the  other  kind.     As  the  field  produced 
'gains  cncriiy.  tho  field  which  produces  it  loses  encrg\\ 

371.  Propagation  of  an  Electromagnetic  Disturbance  through 
a  Dielectric.  -Supfx)so  that  a  potcntijil  dilTcroncc  l>c*(wccn  two 
vertical  itxis  A  and  Zf,  Fig.  408,  be  suddenly  dinunished.  During 
the  diminution  of  electric  field  there  is  produced  ii  magnetic 
field  in  the  horizoiital  plane  in  the  direction  imlicatcd  in  Fig,  408. 
While  tliis  magrietic  field  is  increasing  ii\  vahic,  il.  is  enrircrlod  by  an 
ele<ttric  field  leaving  line:*  of  force  in  vcHical  planes  as  indicated  in 
Fig.   409.     This  increasing  elcctriu   fieltJ   j>roduces  an  encircling 
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magnetic  field.  Fig.  410.  in  the  si»nic  direction  as  that  produced  by 
the  decix'ai-ing  electric  fielil  in  Fig.  408.  Aw  the  last  formed  mag- 
netic field  imrrcases  in  value,  it  is  encircled  by  another  electric 
field,  and  so  on.  As  Ihew^  magnetic  and  eleclric  fields  are  formed 
one  after  another,  an  electromagnetic  pulse  or  disturbance  is 
propagated  through  the  dielectric  medium. 

At  the  moment  when  the  origiiial  electric  field  becomes  zero, 
Fig.  408,  the  cncurling  uiaguetic  field  also  becomes  zero.  The 
dinunution  of  this  magnetic  field  produces  an  encircling  electric 
field  in  the  direction  opposite  that  shoA\'n  in  Fig.  400.  Thin  inci*eas- 
ing  electric  field  produces,  in  turn,  a  magnetic  fi{4ti  in  the  direction 
opposite  that  8ho\vn  in  Fig.  410.  It  thus  appears  that  the  fii-st 
expanding  electr<jn»agnetic  pulse  is  followed  by  another  in  which 
the  magnetic  and  tlie  ulectrio  fields  are  in  directions  opposite 
those  in  the  first  pulse. 
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372,  Electromagnetic  Radiation. — WTii»n  tho  pol<*ntial  liif- 
ference  between  two  iieighbojiiig  couduclora  becomes  Huiiicu'jiilj 
great,  an  electric  discharge  occurs.  The  discharge  does  not  oca« 
wlu'ii  the  two  conductors  lx'ct»inc  of  vqual  \K)\i\ni'iai.  In  faci 
charge  continues  to  move  till  the  conductor  which  formerjy  waa  &i 
lower  potential  becomes  of  higher  potential  than  the  otlier.  "ITiB^ 
over-discharge  is  due  to  inductance  or  elec'tric  inertia, 
dist'luifge  now  oceure  in  the  opjxjsite  diniction.  TTii**  is  folh 
by  another  in  the  original  diri'Ction,  and  ao  on.  The  dis<!hargi?2i 
oprx>Mte  threetiouH  roiiwtitute  a  serit^  c»f  electric  oseillatiotiiS.  Thr 
system  of  condiictors  in  wliich  tiic  oscillations  occur  is  called  tfn 
electric  oscillator. 

Ea<*h  electric  oBcillation  gives  rige  to  an  elei'tronuignrtic  putr 
which  is  propagated  through  the  surrounding  dielectric  lus  dtrwribed 
in  the  foregoing  Articles.  The  series  of  electroiTiugnctic  pubei 
constitutes  a  train  of  electromagnetic  waves.  ElectromiigfM*tic 
waves  travei-sc  empty  space  with  the  spe(xi  of  light. 

The  wave-length  of  tiic  waves  ejnitted  by  a  linear  oseillaior. 
such  a.s  is  considered  in  the  pree<x!ing  Articles,  is  about  2.5  liiues 
the  (combined  length  of  the  two  rods.  Tlie  fnsjuency  of  the  elee- 
Lric  oscullations  of  any  ost^illator  is  increased  when  either  tJie 
inductance  or  the  capacitance  is  decreased.  For  an  cw^'illator  of 
small  inductance  at»<i  ea]>acitance,  the  fre<|uency  is  nian3'  millioos 
per  second.  The  amount  of  energy  radiated  per  perio<l  by  a  Uqvas 
oscillator  is  pn)ixjrtional  lo  the  Sfjuan*  of  the  capaeitaTieo,  the 
square  of  tlie  change  in  voltage,  and  the  fretjuency  of  opicillalion. 

On  account  of  Uie  resistance  of  the  oscillator  and  the  amount 
of  encrg>'  radiated  at  every  oscillation,  the  energy  of  eac'li  om'illn- 
tion  is  nmch  less  than  that  of  the  preceding  oseillation  of  ihr 
series.  Tliis  fact  is  described  by  tiie  statement  that  the  oocilb- 
tions  ar»^  strongly  "  dani|M^d." 

The  coniponent  electric  and  maglietic  fu^Ida  of  on   eloctm-, 
letic  wave  train  prodtJwxl  by  the  oscillator>'  dischoTRe  uf 
verfiral  linear  r>scillator  are  represented  in  Fig.  '111.     T1< 
netie  lines  of  force  due  to  the  various  twcillations  are  hii  i 

circles.     The  lines  of  the  associated  eh>etrit'  field  are  elosed  loci|w  h 
vertical  planei. 


i 


■^ 


373.  The  Hertz  Experiments, — If  a  magnetic  fieltl  be*  cut  b>  a 
<5onHuctor,  an  clertmniotivp  forcp  will  l>e  iruhiorf!  in  1hf»  rondurtor. 
If  the  magnetic  field  U*  oscillatory,  thf  indiu'otl  electroiuolive  force 
will  bo  oscillatory.  If  the  comhictor  l>e  divided  by  a  narrow  gap, 
each  pari  will  be  a  seat  of  oscillaling  electromotive  force,  and  each 
side  of  the  gap  will  rapidly  altrrnute  U'tween  high  antl  low  p<>ten- 
tial.  When  one  side  of  the  air-gap  is  at  high  potential,  the  other 
is  at  low  potential.  If  the  pottntia!  difference  be  sufReiently 
great,  there  will  be  a  discharge  across  the  gap.  The  conductor 
nmy  be  at  rest  and  be  cut  by  the  magnetic  field  that  travels  with 
electromagnetic  waves.  Such  a  cfmductor  then  bc*comes  oiir  sim- 
plest detector  of  electromagnetic  waves.  The  sensitivity  of  any 
detector  is  greatly   increased  by  adjusting  its  capacitance 


i  and        d 
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inductaDce  till  the  iiaturul  frccjuency  of  electric  oscillations  upon 
it  cquiils  the  fro()Uoncv  of  the  incid^^nt  elcctramagiiiclic  wavrs. 
This  process  of  adjiistnieiit  is  cuUeti  "  t  utiiiig  "  the  delwrtor  to 
resonance  with  the  waves.  A  tuned  detector  is  sometimes  called 
an  elfH'tric  resonator. 

Tli(^  prineipfll  pioneer  work  in  elect  i-omagnotic  rarliation  was 
done  hy  Heinrich  Hertz  in  1888.     He  foimd  that  elect  romagnetic 

waves  are  transniillod 
by  nonconducting  ma- 
terials and  reflected  by 
conducting  sulistances. 
To  concentrate  ihei 
(electromagnetic  energy 
he  placed  the  linear 
oscillator  in  the  foci 
line  of  a  paral>olic  mir- 
ror made  l)v  In^nilin^  a  , 
sheet  of  metal  into  thoH 
form  of  a  paralxjla.  He™ 
also  used  linear  rc.s*)na- 
tors  providc^l  with  s'mu^| 
lar  parabolic  refle<'torsI^ 
Fig.  413  represents 
Fig.  4!3.  n  Hcrtz  linear  oscillator 

O  pi-ovided  with  a  para- 
bolic mirror  and  itiduction  coil,  a  linear  resonator  R  provided 
with  a  paral>ohc  miiror  and  a  inicroswijM^  ft)r  observing  the  spark- 
gap,  and  a  plane  mirror  M.  With  this  arrangement  Hertz  found 
that  electromagnetic  waves  oljcy  the  oniinar>'  laws  of  reflectioa 
(Art.  158).  M 

If  a  wave  he  reflected  back  upon  itself,  a  train  of  standing  wavc^* 
will  l>e  prtxliiced  (Art.  154).     Hertz  ]jlaced  a  plane  mirror  normal 
to  the  axis  of  the  parabolic  mirror  of  an  (,)st'inalor  Fig.  414. 
moving  a  resonator  R  back  and  forth  )>etwwn  tlie  oscillator 
the  plane  mirror,  he  ffmiul  places  separated  by  equal  distances 
wlucli  the  resonator  gave  long  sparks,  aiid  interme<liate  places 
which  no  sparks  occurred.     The  places  when*  sparks  of  maximal 


PROPAOATION  OF  ET.li^CTROMAGNETIC  WAVES 


491 


leDg:th  occur  arc  antinodes  for  l)oth  iho.  electric  and  the  magnetic 
troves,  and  the  places  where  no  sparks  occur  are  nodes  for  both 
systems  of  waves  (compare  Art.  188).  By  this  method  the  wave- 
kngih  of  the  electromagnetic  waves  radiated  by  the  oscillator 
can  be  measured.  The  frequency  of  the  waves  can  be  cx>mputed 
from  the  capacitance  and  inductance  of  the  oscillator.     Knowing 


Fiu.  114. 

the  wave-length  X  and  the  fretfuctiry  n,  the  velocity  can  be  com- 
puted by  means  of  the  n-lalion,  (HO), 

e  =  nX. 

By  this  method,  tlie  velocity  of  electromagnetic  waves  of  all  wave- 
lengths is  found  to  equal  that  of  light.  ;^X  10'^  cm.  jkt  sec. 

Ellectromagnetic  wav<?»  of  J4'ngths  from  one-fourth  of  an  inch 
to  several  feet  have  been  measured  directly.    Wave-lengths  of 


Fio.  415. 


a 


vj 
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many  miles  can  be  det-ermined  from  the  known  velocity  of  elec- 
tromagnetic waves  and  the  fre<|uency  of  a  receiver  in  resonance 
with  the  wave.  In  umking  the  tleU^rmination,  the  capacitance 
and  inductance  of  the  receiver  are  adjusted  till  the  latter  is  in 
resonance  witli  the  wave,  and  the  frequency  is  then  computed. 

By  mean.s  of  large  priams  of  nonconducting  uiatorials,  together 
with  an  oscillator  and  a  resonator  provided  with  parabolic  mirrors, 
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Hertz  found  that  olcctromagiictic  waves  obey  tlie  laws  of  refrop- 
tion,  Art.  165. 

Hertz  j)laced  in  the  path  of  clrctrouia^J^netic  waves  a  Krarinft 
foimwl  of  parallel  wlrefi  stretcheti  across  a  plane  frame,  li^'hefl 
the  vvirtjs  were  f>er|X'ndicular  to  the  linear  oscillator,  Fig;,  415,  i^.. 
piiiiiUcI  to  \hv.  plane  of  the  niajnietic  ficlii,  the  wave  w:ks  freek 
transmitted.  Btit  on  iTirnin^  the  grating!:  90**  so  that  th*^  wires 
were  parallel  1o  Ihe  linear  oscillator,  Fig.  410,  i.e.,  iJerixTidirwlar 
to  the  plane  of  the  magnetic  field,  no  wave  was  tran.smitted.  This 
result  shows  that  tlit'  train  t)f  magnetic  waves  is  plane  polarize!- 
It  follows  that  tl»e  vibrations  of  <»lertwmagnetie  waves  are  trane- 
V(*ns<*  lt»  (ill*  dirrr(i<iii  of  pnipiigaUtKi. 

374.  Kadio  or  WireJess  TelegTaphy.  — Hertx  s  cx|)erimeD(8  iuuiiedtstt^y 
suggested  the  p(iB8ibility  of  transmittinR  ^ignnla  by  mcatiB  of  elect romaffnrtu' 


Fio.  417. 


w 


Fig.  418. 


radiation.  But  in  order  thiit  the  radio  method  may  be  used  over  such  great 
;^di8t&nccs  afl  tho«c  used  in  ordinary  tclcgniphy  it  in  necemary  t4>  have  a  much 
powerful  a6i?ilJulor  ttnd  a  much  inure  sensitive  deteet^>r  than  used  by 
Ilerte.  The  power  of  the  oscillator  is  made  (e:reat<'r  hy  inrrenaing  the  potential 
differences  and  tlie  capacitance.  The  enorgj'  dlssipiited  in  tmnanuBsion  oir 
aifHJuiit  tif  Hculiering  by  reflection  and  refraction  i.s  made  smaller  by  increasing 
the  wave-lenpth* 

A  oommoii  form  of  transmitting  circuit  used  in  radio  ti'legrnphy  'w  indicated 
in  Fig,  417.     An  altcriialing  current  generator  G  is  In  aeries  with  a  key  K  and 


*  Wnri-B  it»nl  in  rudiii  t'-lcgraphy  r&rjr  fruiu  200  mi-len  to  20,000  metera  in  Ungth. 
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-4  the  prixnaty  winding  of  a  step-up  transformer  7^.    The  secondary  winding  is  in 

-  tenea  with  a  spark  gap  g  and  the  primary  of  an  air  core  transformer  Di.     One 

end  of  the  secondary  winding  of  the  air  core  transformer  is  joined  to  the  earth 

•'^-  and  the  other  end  is  joined  to  an  aei^ial  or  "antenna  "  consisting  of  a  group  of 

-'wires  Ai  stretched  above  the  earth.    The  electromagnetic  waves  radiated 

■^  into  space  start  from  the  secondary  winding  of  the  air  core  transformer  and 

^  the  attached  antenna. 


*    Fig.  419. 


^  ^  ^  |> 


dlNIMiNI^ 


Twt 


JV/V/W_ 


Fig.  420. 


Fig.  421. 


Fia.  422. 


Fig.  423. 


Fu;.  424. 


*  When  the  key  is  cloeed,  the  alternator  impresses  on  xj/  a  varying  poten- 
tial difference  as  represented  by  Fig.  419.  The  length  of  the  air  gap  g  is 
adjusted  so  that  a  discharge  will  occur  when  the  potential  difTerence  at  its 
terminals  m  somewhat  less  than  the  maximum  developed  by  the  transformer. 
This  diflchaige  produces  in  the  circuit  xyz  a  group  of  oscillations  as  repre- 
sented in  FSg.  420.    These  oscillations  induce  in  the  antenna  another  group  of 
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electronuigaetic  oaciUations.     If  the  nAturet  frequency  of  oflrOlation  in 
ant«nna  is  the  same  as  tliat  in  the  iipnrk>fiap  ciir-uit,  the  amphtude  of  tfcp 
potential  variation  in  the  antenna  \v\\\  hr  very  great.     The  variation  of 
rent  in  the  antenna  is  repreeer.ted  in  Tig.  421.    The  Kroupa  of  elect 
oscillations  in  the  antenna  send  out  groups  of  electromagnetic  u-H^*es  wl 
traverse  space  with  llic  velocity  of  light.     The  number  of  groups  of  wavwpff 
second  is  twice  the  nuinher  of  cycles  per  se<.t>nd  <if  the  altcmatinfc  genmitar 
G.     The  frequency  of  oscillation  in  each  griiup  depends  upon   the  rapacitAWt 
and  inductance  of  the  transmitting  circuit  and  i^  usually  nxtre  than  40,000 
jwr  scf.*ond. 

If  the  electromagnetic  waves  sweep  across   a    distant    antenna,  As,  Fit 
418,  this  antenna  be<*onics  the  seat  of  an  oscillating  electroumtive  force  of 
the  same  frwiuency  as  that  of  the  waves,  Fig.  422.     The  ainpliludc  of  ll» 
ctirrent  induced  by  the  oscilhiting  electromtitive  force  is  greatest  wboi  tb 
receiving  antenna  is  in  resonance  (sometimes  called  "in  syntony  ")  with  the 
electmraagnetie  waves.     Even  when  the  receiving  antenna  is  tuned  to  the 
incoming  wiivea  the  oscillations  are  so  wejik  that  special  devices  must  be  iBW 
for  their  detection.     All  of  these  devices  make  use  of  a  telephone  receiver.    A 
telefihonc  diuphrugin  has  au  much  inertia  that  it  does  not  respond  to  the 
rapid  ascillations  in  a  wave  gnnip.     Nor  would  a  sound  sensation  be  produw«l 
if  the  ear  drum  were  set  into  \ihration  with  such  a  high  frequenci*.     But  th*" 
frequency  of  the  gmujw,  which  is  alxnit  1000  per  s€»r..  is  within  the  range  of  s 
telephone  and  of  the  human  ear.     So  that,  if  the  waves  of  earh  group  rould  bf 
rectified,  that  is,  rendered  nearly  unidirectioiuil,  the  telephone  diaphrapa 
would  receive  about  1000  impulses  i>er  second  during  the  time  that  the  trans- 
mitting key  K,  Fig.  417,  is  i'l(jso<l.     The  mt»»t  roinmonly  employed  device  for 
rectifying  the  wave?i    in   each   gnitip    Is   the   three-electrode   vacuum  tnl* 
(Art.  3(55). 

Fig.  4IK  shows  one  type  of  receiving  eircuit.  In  this  figure,  D;  is  an  "iif 
core  tmnsformer,  1'  is  a  three-electrode  vacuum  tube,  and  T  is  a  telejihone 
receiver.  'V\w  variat  ions  in  iJie  receiving  antciuia  curn'n  t  inducv  elect  minot  ivo 
forces  f)f  tlie  same  frccpiency  in  the  grid  circuit.  Tlie  changing  charge  «i 
the  grid  affects  the  strength  of  the  rurrviii  fn»ra  the  plate  to  the  electron- 
emitting  fihiment.  When  there  are  no  incoming  waves,  the  grid  is  cliare)cd 
negatively  by  the  electnins  emitted  by  the  heated  filament,  and  the  plate 
current  has  a  certain  viiUie.  When  there  are  electnimagnetjc  oscillationfl 
in  the  antenmi,  the  negative  charge  on  the  grid  l»ecumes  ftlleniately  increa»4 
and  tiecreased  with  the  fntiuency  of  the  oscillatifuis.  When  the  negaliva 
charge  on  the  grid  diminishes,  the  plate  current  increaises;  when  the  neg^tiv 
grid  cluirge  increases,  the  plate  currtmt  diininiahee.  The  resulting  roctifiei 
plate  current  is  represented  in  Fig.  423. 

The  telephone  diaphragm  will  be  attracted  by  the  first  iropulae.  Th( 
frequency  of  the  current  oscillation  is  so  much  higher  than  that  of  thi 
telephone   diaphragm   tlmt    the  diaphragm    will   1>e   atimcted.    in  turn,    b; 
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>f  tbe  succeeding  stronK  impulses  of  tlio  whvc  group  Wfort*  the  diap))ru)j;in 
•ached  the  rnd  of  iU  swing.  In  fact,  the  diuphragm  will  \>e  defleett'd  but 
for  e&ch  wdvp  group,  a)*  indicati'd  in  Fib.  424.  Thas,  the  rewivinn  Ud<*- 
e  will  viVirat**  with  iho  fn^queney  of  thr  wave  gniujw,  tlmt  is,  with  double 
reqwmcy  of  the  alt<.*rnnt«r  at  the  sending  station. 

75.  The  Rftdio  Direction  Finder. — A  vertical  tmnftmitting  antenna  emita 
romognetir  waves  of  the  aamc  intensity  in  all  horizontal  direetions.     A 
cui  receiving  miiCMina  hu*  the  same  Rcnsitivily  for  detecting  waves  ui>- 
chiog  it  ih  all  horizonlid   directions.     The  "invrrtwl  L"  antenna,  Figs. 
1^  418,  hat*  a  certain  fli-Kree  uf  directive  lemlency.     It  emits  waves  of 
HPt  intensity  in  the  direction  of  the  arruw  in  Fig.  417,  and  is  most  scnHitivo 
eceiving  waves*  appn»uching  it  in  the  dirw^tion  of  ihe  arrow  in  Fig.  418. 
■e  is  another  type  of  antenna  called  the  "loop  aerial"  which  has  a  much 
*r  diroctivo  tendenry.     This  ordinarily  eonsLst^  of 
ctangular  coil  of  aViout  12  luma  of  wire,  about  ^ 
on  a  ade,  mounted  on   a   verti<^]   bniKs  column 
ble  of  rotation,  as  indicated  in  Fig.  425,     llie  ends 
*  coil  are  attached  to  two  insulated  wiip]M?r  rings, 
}Q   which   prws   c<t[JiM!r   bnuhea   connected   Ut  a 
.live  detector  system. 

Hicn  the  coil  Ls  n)tat/Hl  by  means  of  a  handle  //.  Ilu' 
nity  of  the  received  signals  varies,  being  gn^aUfsl 
3  the  plane  of  the  windings  of  the  Irxip  aerial  pa-sscj:* 
ugh  the  traiuimitting   station,   and   l>eing   neurly 
when  the  plane  of  the  windings  is   [HTpendicular 
le  line  rn>m  (be  Imnsmitting  stution.     A  jMiinter 
itached  (o  tbc  Mup|M>rting  roluiiin   moves   over   a 
led  circle  S  fastened  to  a  Hxi'd  table, 
in   imfx>rt.imt    application   of    (lie   loop  nerijil  Ls  in 
determination   i»f   the   position   of  vessels  at  sea. 
ifoajits   of   the    Unitixl   Slates  and    tbe   coasts    uf 
ml  of  the  Kumpean  eonntrirs  are  dotted  with  stalinns  devoted  to  this 
-.     E^ch  station  i»  equip|tcd  witli  a  radio  outfit  consisting  uf  a  Utop  aerial 
a  detectxir  system  of  high  Bcnsitivity.     Sunh  an  outfit  ia  called  a  ''direction 
jt"  or  "radio  oompasH." 

tuppoHe  that  a  ship  is  a  few  hundred  miles  from  New  York  and  the  com- 
ding  officer  wishes  to  know  its  latitude  and  longitude.  He  calls  New 
c  in  the  nrgular  commercial  inanner  and  signals  "what  is  my  ixjtfition?" 
New  York  siipc*rvising  operator  signals  to  tbe  .nhip  "s<'nd  the  sigiml  MO 
,wo  minutes,"  and  ttiniultantHiusIy  orders  tbe  ncigblKiriiig  ntdio  com|>asa 
ators  lo  find  the  directions  from  their  stations  of  (lie  ship  which  is  send- 
MO  signals.  At  the  end  uf  the  two  minutes  the  dinTtiuns  of  the  ship  from 
various  neighboring  shore  stations  are  telegraphed  to  the  New  York  sui^er- 
r.    The  hitter  telegraphs  thera  ttj  the  ship.    The  ship's  officer  then  plota  the 
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bearing  on  a  chart  aa  in  Fig.  426.    The  point  of  intersection  of  the  various 
gives  the  position  of  the  ship.    The  time  from  the  instant  when  the  supervi 
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Fig.  426. 


radio  compass  operator  was  called,  to  the  instant  when  the  ship  receivee  1 
various  bearings,  seldom  exceeds  five  minutes. 


Fio.  427. 


376.  Light  is  a  Wave  Motion. — That  which  is  capable  of  effect- 
ing the  sensation  of  sight  is  called  light  That  part  of  physics 
►"hich  deals  with  the  phenomena  and  laws  of  light  is  called  optica. 

At  the  ojx'ning  of  the  nineteenth  century  Thoma.s  Young 
performed  an  experiment  that  is  of  fundamental  importance  in 
the  theor>'  of  optics.  This  ex- 
periment can  l^e  repeated  in 
the  following  manner.  A  nar- 
ft^w  slit  S,  in  a  diaphragm  ^ ,  is  , 
Wiiniined  by  light  from  the  sun    ^  s, 

(>r8ome  other  source  L.  In  the 
iiaphnipn  B  there  are  two 
harrow  slit^s,  S\  and  S2,  close 
together,  {>amllel  to  *S,  and 
equally  distant  from  it.  light  which  traverses  the  slits  Si  and 
62  is  received  on  the  screen  C. 

When  the  apparatus  is  aminged  as  indicated,  it  is  found  that 
the  illumination  of  the  screen  C  is  not  uniform  or  continuous,  but 
that  it  consists  of  a  series  of  narrow  briglit  bands  altemaliiig  with 
narrow  dark  streaks,  with  their  lengtlis  parallel  to  the  slits  in  the 
diaphragms.  It  is  observed  that  if  either  Si  or  S2  is  covered,  the 
jther  remaining  open,  the  ilhnnination  of  the  screen  becomes 
continuous,  that  is,  without  bands.  When  both  slits,  Si  and  5j, 
fcre  open,  the  intensity  of  the  illumination  at  a  bright  band  is  more 
Iban  double  the  intensity  at  the  same  place  when  but  a  single  slit 
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is  open.     But  in  the  space  between  two  adjacent  bright  bands 
is  little  or  no  illumination  when  light  come*  from  both  slits,  wh< 
there  is  considerable  iUumination  when  light  comes  from  a 
slit. 

The  fact  that  the  illumination  at  a  given  point  diie  to 
fnjni  two  sources  can  be  of  nearly  zero  value,  whereas  whoji, 
comes  from  but  one  of  the  sources  the  illumination  at  the 
point  is  great,  indicates  tliat    hglit  is  a  pheni»mcnon    cajinblp 
interference  efforts.     So  far  as  we  know,  interference  effect.e  m 
be  pnxiuced  only  by  wave  motions.     Therefore  we  eonduilc  tliat 
light  is  a  wave  motion. 

Fig.  428  is  ;i  rcfHoduction  of  ii  pliotnffra[)h  (if  a  set  of  infer- 
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ference  fringes  obtained  by  using  a  photographic  plate  for  the 
siTeen  C,  Fig.  427,  and  at  ^  a  chaphragm  provided  with  two  slits, 
one  of  which  is  partly  closed  by  a  narrow  tongue  as  shown  in 
Fig.  429.  It  will  be  noted  that  in  the  photograph,  the  regions 
illimiiiied  by  light  from  two  slits  are  crosscfl  by  bright  and  dark 
fringes,  whereas  the  region  iDumined  by  light  from  a  single  slit 
contains  no  fringes. 

377.  The  Determination  of  the  Wave-length  of  Light— In 
Fig.  430,  Ipt  L  represent  a  point  source  that  ernit^  light  waves  of 
unifonn  length.  Light  from  this  source,  aft«r  traversing  the 
throe  slits  of  Young's  apparatus,  strikes  the  screen  XX^.     At  a 
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HBt  X,  light  from  the  slits  S\  and  S^  an-ivos  in  the  same  phase, 
msequeutly,  at  thia  point  tliere  is  ivinfon-enient.  At  some 
Ant  Vi,  where  the  distance  Si  Yi  differa  by  one-half  wave-length 
the  distunee  S2Y\^  hght  from  the  two  nlitw  arrives  in 
itc  phases.  There  will  here  U'  destructive  interference.  At 
e  point  -Yi,  so  situated  that  its  distance  from  one  sUt  is  two 
wave-len(fthH  loss  than  its  distance  from  the  other  f^Ut,  there 
ill  again  In:  reiuforcemeut,  and  coasetiuently  a  bright  baud.     In 


V,  X 


Fig.  430. 


khe  same  way  it  is  seen  that  there  wnll  be  other  dark  bunds  on 
^e  screen  at  places  Y3,  Yd,  etc.,  such  tliat 

SiKs-Sars^jX,  etc., 

*iid  that  there  will  be  other  bright  bands  at  places  A'2,  X3,  etc. 
Such  that 

^  SiXs  -  S2X3  =  JX.  etc., 

Hrhere  X  represents  the  wave-length  of  tlie  given  disturbance. 

This  exiM^riment  alTords  a  mi-thod  ff)r  tle^'rminiiig  nuighly  the 
wave-length  of  the  light  that  illuniiiies  the  sUts.  The  rationale  of 
Lhe  meth<Kl  is  as  fuUows: 

From  A'l  lay  off  on  -YiiSi  a  distance  A'lP  equal  to  X\S^y  and 
jraw  Sop.  ITien,  since  PXi  —  SaXi,  and  since  the  angle  PX1S2  is 
rery  anall,  S2P  is  very  nearly  perpendicular  to  the  lines  StXi^ 
iXi  and  iS2A'i. 


h. 
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Since  AX  is  perpendicular  to  S1S2,  and  SzP  is  very  n< 
perpendicular  to  AXij  the  angles  S1S2P  and  X^A''i   are 
nearly  equal.     Moreover,  AXXi  us  a  right  angle,  and  S1FS2 
nearly  a  right  angle.     Consequently,   the  triangles  S1PS2 
XiXA  are  vcr>'  nearly  similar. 
It  follows  tliat 

SiP  ^XiX 

S1S2  '  AXi 

Since  Xi  is  at  the  middle  of  the  first  bright  band,  and  since 
PXi  is  equal  to  iS-jA'],  SiP  is  one  wave-length.  Letting  X  denote 
the  wave-lenglh  of  the  light,  and  substituting  in  (220)  the  sj 
represented  in  Fig.  430,  we  have 


Or,  since  x  is  very  small  compared  with  6, 


Consequently,  to  the  above  degree  of  approximation,  the  wai 
length  of  the  light  euiitted  by  the  Mjurce  is 


It  is  found  that  the  wave-length  of  light  from  a  given  source 
depends  upon  the  medium  throuRh  whieh  the  light  is  traveling. 
For  example^  the  wave-length  of  light  in  water  is  about  two-third8_ 
of  the  wave-length  in  air. 

The  length  of  a  Ught  wave  is  verj'  small.     The  diameter  of 
average  human  hair  is  about  one  four-hundredth  of  an  inch, 
average  length  of  Light  waves  in  air  is  about  one  one-himdredth 
of  the  diameter  of  a  human  hair. 

378,  Velocity  of  Light. — Consider  light  proceeding  along  the 
path  SAf,  Fig.  431.  If  a  mirror  M  be  placed  normal  to  SM,  ihe 
incident  light  will  be  reflected  back  along  the  path  MS  and  will 
enter  an  eye  placed  beJiind  S.     Let.  a  toothed  wheel  having  teet 
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spaces  of  equal  width  be  placed  with  the  axle  parallel  to  the 
^ction  of  the  light.  Wlien  the  whco]  is  at  it^tj  lij^ht  traversing 
I  the  space  between  two  teeth  will  return  through  the  same  space. 
Suppoee  that  the  wheel  can  be  rotate<l  sn  fast  that  whilo  light  gm^ii 
from  A  to  3/  and  back,  a  tooth  will  have  advanced  just  enough  to 
intercept  the  returning  light.     If  the  time  occupied  by  a  tooth  in 


Fw.  431. 


mcvinii;  into  the  position  orcupied  by  the  adjacent  space  be  de- 
noted by  t,  then  the  speed  of  the  light  is 

2(AAf) 
V —. 

If  the  angular  speed  of  the  wheel  be  doubled^  the  reflected 
light  will  pass  through  the  next  space.  If  the  angular  speed  be 
trebled,  the  reflected  light  will  be  intercepted  by  the  second  tooth. 

This  first  terrestrial  method  successfully  used  for  the  determination  of  the 
velocity  of  light  wbs  employed  by  Fizeau  in  1849.  In  Fisscau's  experiment, 
the  wheel  had  720  teeth  and  720  spaces,  all  tif  tlie  same  width.  The  distance 
between  the  wheel  and  the  mirror  wa.s  863;}  meters.  The  fir«t  eolipse  of  the 
tight  occurred  when  the  wheel  was  making  12.6  revolutions  per  second.  Hence 
ft    the  time  occupied  by  a  tooth  in  moving  '\\»  own  width  was 

■    This  would 


*"2(720}(12.6) 
This  would  give  for  the  speed  of  liRht 
2{AM) 


i2{AM)\ 


2(8633)  (2(720)  (12.6)1 


==  309,000,000  meters  per  second 
=r  102,000  miles  per  scoond. 
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More  recent  determinations  of  the  speed  of  li^ht  in  txiai 
give  300,574,000  itieters  per  second,  or  186,700  miles  per  soooi 
Tbe  spet'd  depends  upon   the  medium  being   travers»ed,   bei 
greatest  in  vaoiiuni.     (In  water,  the  speed  of  light  is  about 
thirds  the  sj^ed  in  vacuum.) 

Theiv  are  certain  distant  stars,  Al^ol  for  example,  that  chi 
greatly   in   brilliancy  within   a   very   short   time.     During 
changes  in  brilliancy  the  color  remains  constant.     Now  if  red  lif 
traveled  faster   than  tlie   violet,  then   when   the  star   suddei 
increased  in  brilliancy  the   star  would   first  appear  rod.    As 
change   of   color  apfx^ai-s,  we  conclude  that   in  empty  spac^- 
sjH^'d  <if  li^ht  of  Jill  wave-lengths  is  the  same. 

379.  The  Luminiferous  Ether.— For  the  pmpagation  of  wavai^ 
a  rni^iiuni  is  necessary.  Since  light  is  transmitted  through  inteJ 
planetarj'  space  and  through  the  most  nearly  perfect  vacim 
that  can  be  prcwluced,  wc  thcref<trc  Ix^lieve  that  ordinary  matter 
not  necessary  for  its  ]>n>pagation.  This  comj)el8  us  to  concluc 
that  there  is  a  medium  other  tlian  matt^^r  h^'  which  hght  is  proparl 
gated.  This  medium  is  not  perceived  by  our  senses,  hut  tbe.j 
above  facts  convince  us  of  its  actual  existence.  This  medium  b 
called  the  luminijerous  ether  (i.e.,  light-beitnng  spirit),  or  hripfl.V*' 
the  ether.  The  student  should  Ix'  warne<l  against  confiLsiniJ  tli«] 
luminiferous  ether  with  the  various  volatile  hquids  that  iu  Chcm-^ 
istry  are  called  ethers. 

Since  ether  is  the  medium  by  which  light  is  propagated, 
light,  is  transmitted  by  ordinary  matter,  we  conclude  that  (he  ethe 
f>ermeates  all  space  by  filling  the  interstices  between  the  molecuiolj 
and  atoms  of  matter. 

Young's  experiment  shows  that  light  is  propagatetl  by  wavtt 
in  the  ether.  It  does  not  tell,  however,  whether  these  waves  aw 
due  to  a  periodic  to-and-fro  motion  of  particles  of  the  ether,  or 
whether  these  waves  are  due  to  a  jwriodic  change  of  some  one  of 
the  properties  of  ether.  By  means  of  waves,  energj'  can  In*  trai 
feiTcd  from  one  region  to  another  not  only  by  a  vibration 
particles  of  the  intervening  medium,  but  also  by  uiejiiis  of 
periodic  electric  or  magnetic  4tisturbnnce  handed  on  successivi 
from  one  portion  of  the  medium  to  another. 


mft 


380.  Color  and  Wave-length. — LiKlit  waves  of  diffcmit  wave- 
Lgths  produce  different  color  sensations.  It  is  found  that 
B  wav€-lcngth  of  the  light  that  we  ciill  y(^Uow  is  alxttii  ().(MMW)59 
1-  An  object  emitting  or  refieetiiig  light  of  this  particiilur  color 
yuld  be  said  to  be  of  the  color  etHTespondiiig  to  wave-length 
000059  cm.  Light  consisting  of  wav(^  all  of  wliich  have  the 
flie  wave-length  is  called  mmwchrmnaiic  or  hovuHjeneoMs  light. 

The  human  eye  is  sensitive  to  waves  of  lengths  from  0.000033 
n.  to  O.OOOOKl  <im.  Waves  of  the  former  leii^ii  prorluct!  the 
insation  called  \*iolet,  and  waves  (►f  the  latter  the  seiis^diftn  called 
id.  All  of  the  other  colors  have  wave-lengths  !>etwet'n  ih^siR 
mils.  Beyond  these  limits  there  are  waves  of  other  lengths  to 
iiich  the  human  eye  do<^s  not  resjMmd.  \^y  means  of  photography 
faves  have  Ijcen  observetl  that  are  as  short  as  0.0*XX)1  cm.,  and 
Iso  wavos  ns  long  a,s  0.(K)0]  em.  The  waves  shorter  tlj:Hi  the 
iolot  are  called  ultra  violet,  and  the  waves  longer  than  the  rcid 
re  called  infra  ro<l.  X-rays  are  now  believed  to  consist  of  ether 
'avcs  which  are  vastly  shorter  than  any  visible  wa\'e.  The 
'aves  ti-sed  in  wireless  telegraphy  arc  vastly  longer  than  any 
isjble  waves. 

If  the  two  halves  of  the  first  slit  in  Young's  experiment  be 
lumincd  by  monochromatic 
j;hts  of  different  wave- 
Dgths,  Fig.  432,  there  will  l>e 
rraed  on  the  screen  C  a  sys- 
m  of  bands  for  each  color, 
r  adjusting  the  positions  of 
B  two  sources,  the  two  sets 

bands  can  be  caused  to 
erlap  as  indicated  in  the 
ure.  If  instead  of  two  separate  nionoclutiniatic  sources,  we 
re  to  use  a  single  light  source  which  cmit.8  two  sets  of  waves  of 
J  same  wave-lengths  as  the  two  nionnchroniatic  sources,  we 
•uld  get  a  double  set  of  bands  jtist  like  the  ftverlapping  bands  of 
;  previous  exi)erimenl,     If  sunhght  be  enjployed,  the  screen  will 

crossed  by  a  series  of  rainbow-ctjlored  bands.     Tliis  indicates 
uahght  is  a  mixture  of  hglits  of  many  cr»lofs. 


I 

I 
I 
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381.  Fluorescence  and  Phosphorescence. — Many  ; 
will  abs<.>rb  racliamT  and  transfonu  it  into  waves  oi 
wave-length.  For  cocample.  solutions  of  quinine  sulphate,  luaci 
and  of  certain  of  the  analinc  dyes  are  brightly  luminous  w! 
exposed  to  invisible  radiance  of  frequencies  higher  than  the  \iol< 
Glass  and  nmny  other  solids  are  brightly  luminous  while  ej 
to  X-rays.  As  the  phenomenon  of  the  absorption  of  in\iBil 
radiance  and  its  transformation  into  visible  waves  was 
observed  with  fluorspar,  the  phenonjenon  was  named  jluoreisceMt* 
The  characteristic  *'  l>lo<>m "  of  mineral  oils  is  an  example  of 
fluort^oeuce.  A  cardboard  screen  covered  with  crystals  of  Horoe 
fluorescent  material,  as  calcium  tungstate,  will  brightly  fluoresce 
while  ex(X)sc'd  to  X-rays.  Sucli  screens  are  much  used  in  the 
X-ray  examination  of  broken  b<jnps  and  the  location  of  foreign 
bodies  in  the  flesh.  | 

Some  bodies  will  continue  luminous  for  some  time  after  (be 
exciting  cause  has  been  removed.  Impm-e  sulphide  of  calcium 
will  remain  luminous  for  such  a  long  time  after  the  exciting  ligjit 
source  has  been  removed  that  it  is  used  for  painting  match  safes, 
keyholes  and  other  articles  which  otherwise  would  be  difficult  to 
flad  in  the  dark.     As   this    phenomenon  was  first    observed  in 

barium  sidphide  which  at 
that  tlate  was  popularly 
called  Bolognese  phospho- 
rus, it  was  uame<l  plio/tphor- 

382.  Color  and  Visi- 
bility.—For  light  of  certain 
colors  the  eye  is  leas  sensi- 
tive than  for  light  of  other 
colors.  In  order  that  deep 
l>hic  light  (wave-length 
0,000046  cm.)  and  deep  red 
hght  (wave-length  0.000066 
cm.)  may  produce  equally  intense  sensations  of  brightness,  the 
energy  of  the  two  waves  must  be  equal.  But  to  produce  an 
equally  intense  sensation  of   brightness  with  yellow-green   light 
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ive-length  0.000054  cm.),  the  energy  of  the  latter  need  be  but 
-tenth  as  (p^at  as  the  enerio'  of  either  of  the  other  two 
»r8.  This  is  expressed  by  the  Htateaient  tiiat  the  visibility  of 
yellow-green  light  is  ten  times  as  great  as  that  of  either  the 
»p  blue  or  the  deep  red  light  of  the  specifietl  wave-lengths, 
le  relative  visibility  of  light,  of  different  wave-lengths  is  rejjre- 
ited  graphically  in  Fig.  433,  The  product  of  the  energy 
"ind  visibihty  of  Ught  of  any  particular  wave-length  is  called  the 
luminosity  of  the  Ught  of  that  wave-length. 

On  account  of  the  low  visibility  and  low  range  of  blue,  Amnricatii  vesaelB 
tnveniuiK  waters  iii  wtiich  cnemicu  arc  Buspectod  arc  lighted  ut  ni^ht  unly  by 
l&mpe. 

383.  Light  Waves  are  Transverse. — Soon  after  Young's 
interference  experiment,  Malus  made  an  observation  which 
showed  that  the  vibrations  constituting  h^ht  waves  are  transverse 
to  the  direction  of  their  propagation  through  the  medium. 

The  observation  of  Malus  can  be  repeated  in  the  following 
manner:  Each  of  the  mirrors  A  and  Bj  Fig.  434,  is  capable  of 
rotation  about  a  horizontal  axis,  and  the  mirror  B  Is  in  addition 
capable  of  rotation  alx>ut  a  vertical  axis.  If  sunlight  be  reflected 
from  the  mirror  A  to  the  mirror  B,  it  is  found  that  wlicn  the  hori- 
zontal axes  of  the  mirrors  are  parallel  (jis  in  Fig.  434),  light  is 
copiously  reflected  from  B,  whrreaa  when  the  horizontal  axes  of 
the  mirrors  are  at  right  angles  (as  in  Fig.  435),  a  much  smaller 
amoimt  of  light  is  reflected  from  B,  If  the  mirrors  are  so  arranged 
that  their  horizontal  axes  are  at  right  angles  to  one  another,  and  if, 
in  addition,  the  plane  of  each  mirror  makes  an  angle  of  about  33° 
to  the  direction  of  the  path  of  the  light  incident  upon  it,  the  light 
reflected  from  B  will  be  a  minimum.  If  now  the  up|)er  mirror  be  ro- 
tated about  its  vertical  axis,  the  light  refle<^ted  from  B  will  increase, 
hecoining  a  maximum  when  the  horizontal  axes  of  the  mirrors  are 
parallel.  If  the  rotation  be  continued,  the  light  reflected  from  B 
will  diminish,  becoming  again  almost  zero  when  the  horizontal  axes 
are  again  at  right  angles  to  one  another,  and  will  again  increase 
and  become  a  maximum  when  the  axes  are  parallel.  Thus  in 
two  positions,  180**  apart,  the  light  reflected  from  B  is  almost  zero; 
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while  at  two  intomietliute  pt>sitioiis  the  light  reflected  from  B 

luaxiniuni. 

Fwsuel   pc)int<'(i   out   limt   these  phfiioujeiia  show   that 
waves  cannot  be  loiiy;itu<liiial.     If  the  vibrations  constituting 
were  lonp;itu(linjil  Ihey  woulil  mwt  a  mirror  in  exactly  the* 
way  whether  tho  di^iiuibauce  had  or  huti  not  h>ecn  previoi 
reflect e<i  from  another  niirror;  hut  if  the  vibrations  were  trans^ 
to  tlie  flin'ction  of  propaKati<.tn  of  the  disturbance  no  such  sy\ 
inotiy  woulii  exist.     For  instance,  iniaKine  two  transveree 
motions  a  and  6  to  be  incident  on  a  mirror  Af ,  Fig.  436»  perpei 
(lUir  to  ihe  phmo  of  the  paper.     Let  the  pm'allel  lines  across  a  iD( 
cate  that  in  tliis  wave  the  vibrations  arc  parallel  to  tlie  plane  of  tl 
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na[M'r,  and  let  the  dots  on  b  indicate  thut  in  tliLs  wave  the  vibm*] 

ions  art*  perpendicular  t^D  the  plane  of  the*  pai)er.     These  t«oj 

-ransverse  wave  inotitni.s  intM-t  tfie  riiiiror  in  dillVrent  ways.  iiti« 

we  should  ni>t  exixM't  that  Ihey  w<iidil  be  similarly  ivHecl<.*d. 

Reflection  would  occm*  as  observed  by  Alulua  if  Ughl  v^v^] 
consist  of  vibrations  that  are  suei'cssively  in  a  gieut  nutny  diri*C" 
tions  trunsvei-sc  to  tlie  line  of  pmimgation,  and  if,  in  a<ldition,  tl»P 
vibrations  that  ai'e  reflected  consist  of  those  that  are  nearly 
iwiralh']  tti  the  surface  of  Ihe  niirror.     Thus  in  Fig.  434^  if  only 
tlnjse  viljrationn  <if  the  hght  incident  on  A  tliat  arc  nearly  parallel 
to  the  surface  of  the  mirror  are  reflected,  then  the  vibrations  con- 
BtituHng  tin'  light  l>otwet*n  A  and  B  are  for  the  most  part  parallel 
to  the  horizontal  axis  of  A,     And  sijico  the  surface  of  B  is  parallel 
to  this  direction,  the  light  that  is  reflected  from  A  will  also  be 


from  B.  But  when  the  nurror  S  Ls  tiirnod  as  in  Fig. 
^  its  plane  has  no  line  parallel  to  the  ptaVie  in  which  occurs  the 
pXer  part  of  the  vibrations  constituting  the  light  between  A  and 
%ixd  consequently  there  is  little  lijL|;ht  refleotx'd  from  B. 
lit  thus  appears  that  a  uiirrt^ir  can  serve  as  a  i>olarizer  of  light 
^K  The  degree  of  polarization  depends  upon  the  angle 
(men  the  direction  of  the  incident  light  and  the  plane  of  the 
rror. 

The  direction  along  which  light  is  traveling  is  called  the  ray. 
be  direction  along  which  the  Incident  light  is  traveling  is  called 
e  inci<lejit  my,  and  that  along  wljieli  tlie  ti^nectcd  light-  is  traveling 
called  the  reflecled  ray.  The  plane  containing  the  it»cident  ray, 
e  reflected  ray  and  the  iioniiul  to  the  reflecting  surface,  at  the 
ttnt  of  incidence,  is  culled  the  pkuit-  of  incidence.  That  par- 
nilar  plane  of  incidence  in  which  light  is  most  copiously  refieeted 
called  ihr  plmw  of  f}olnriz(ition.  With  the  apparatus  arranged  as  in 
igK.  434  and  435,  the  i>lane  of  the  i)a[M*r  coinci(]es  with  the  plane  of 
!>larization  of  the  light  that  has  been  reflected  from  the  lower 
orror.  According  to  the  generally  accepted  theory  of  light,  the 
ihratioas  of  plane  polarized  hght  are  perpendicular  to  the  plane 
f  polarization. 


3d4.  Measurement   of   Solid   Angles. — A    plane   angle 
measured  by  the  ratio  of  the  length  x  of  the  arc  of  ^y  ci 


Fig.  437. 

drawn  with  O  as  a  cent-er.  to  the  length  of  the  radius  of  this  circle. 
Thus,  Fig.  437, 

0  =  -  radians. 

A  solid  angle  Q  may  be  measured  in  an  analogous  manner. 
With  C  as  a  center,  Fig.  438,  construct  a  sphere  of  radius  r.  The 
elements  of  the  pyramidal  faces  out-losing  the  soiitl  angle  U  vi^' 
cut  out  of  the  sphere  a  surface  of  area  a.  Whatever  the  magu»" 
tude  of  the  ratlius  r,  the  ratio  of  the  area  of  the  surface  a  to  the 
square  of  the  radius  r  is  a  constant  quantity.  Consequently,  the 
measure  of  the  solid  angle  U  is  taken  as 


n= 


(222) 


For  example,  since  the  area  of  the  sphere  is  4^^^,  a  sphere  sub- 
tends at  itK  center  a  solid  angle  of  4t  unit«.  This  unit  is  called  the 
space  radian,  or  eUradian, 
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386.  Liuninous  Flux. — The  total  visible  energ>-  emitted  by  a 
rnrcc  per  Hoc'tmil  is  fidltnl  the  total  himinou^Jhu  from  the  source. 
"he  luminous  flux  of  any  given  wave-length  is  rnciisureil  by  the 
(Toduct  of  the  total  encrgj'  etnitted  jKn'  second  and  tlie  sensibility 
I  the  eye  for  the  radiance  of  the  given  wave-length.     Or,  in  sym- 


)ola, 


Fx=ii:x*x. 


(223) 


where  F^  represents  the  luminous  flux  of  wave-length  X,  *x  repre- 
sents-the  total  radiance  of  that  wave-lcnf!:th  omitted  per  second, 
and  Kx  is  the  retinal  stimulus  coefficient  or  visibility  of  light  of  that 
wave-length.  If  F  represent  the  total  luminous  flux  of  all  wave- 
lengths, we  have 

The  primary  luminous  standard  is  a  lamp  devised  by  Hefner. 
This  lamp,  which  burns  aniyl  acetate,  is  shown  at  /,  Fig.  440. 
Before  the  Hefner  standard  lamp  was  cievist^d,  candles  were 
conunonly  used  in  Great  Britain,  Fraiur  iun\  Anu^ric^a  as  luminous 
standards.  The  standard  British  randle  was  one  that  burned 
120  grainn  of  spennaceti  |)er  hour.  On  aerount  t>f  the  lack  of 
Uniformity  of  even  the  most  carefully  tnad(*  candles,  candles  are 
"ow  seldom  used  in  actual  phol^jnietrie  mea8urt'ments.  But  aa 
^tual  candles  were  emplo^'od  for  v,  1  mg  time,  in  these  countries 
ught  quantities  are  still  usually  exprc^ss*'*!  in  ienn^  uf  candle*i* 

The  unit  of  luminous  flux  is  the  liiti:inous  flux  emitted  in  one 
space  radian  by  a  standard  lamp,  suul  is  called  the  lumen.  If  the 
standard  light  source  is  at  C,  Fig.  t  H,  then  the  luminous  flux  in 
the  solid  angle  U  Ls  one  lumen  when  tliis  angle  is  one  space  radian. 
Since  there  are  4ir  sjmce  ra<lians  in  a  sphere,  the  total  luminous 
Bux  from  a  standard  source  is  47r  lumens. 

Since  the  luminotis  flux  from  a  Hefner  lamp  is  not  the  same  as 
:hat  from  a  standard  candle,  we  have  a  Hefner-lumen  and  a  candle- 
umen.  By  international  agreement,  ten-ninths  of  a  Hefner- 
umen  are  taken  to  equal  one  candlc-hunen.  The  randle- 
umcn  is  the  unit  of  luminous  flux  employed  in  English-speaking 
ountries.  In  cafiee  where  there  is  no  danger  of  confusion  the 
mit  is  called  simply  the  "  limien."     Following  this  practice  we 
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shall    henceforth  use  the  woni    Itiinen  in  the  sense  of 
lumen.     To  give  a  notion  of  the  ma^iitude  of  the  unit  of  liuni 
flux,  one  miglit  nol*'  ihat  tlie  tungsUMi  illunient  litnipK  now  usodi 
domestic  hghtiug  emit  a  luminous  flux  of  about  four  lum 
wait  of  electric  energy  supplied. 

386.  Luminous    Intensity. — That    property    of    a    so 
emitting  luminous  flux  is  failed  luminous  iiUejimti/,     The  lui 
intensity  in  any  given  direction  of  a  point  source  is  meas 
the  luminous  flux  from  thai  source  in  (he  given  direction  per 
xrrlid  angle.     Thus,  if  the  total  luminous  flux  from  the  source 
the  luminous  intensity  /  has  the  vahie, 


4ir' 


It.  follows  from  this  equation  that  the  luminous  intensity  of 
point  source  will  be  unity  when  it  emits  a  luminous  flux  F=^ 
lumens.  This  is  the  liji^ht  flux  from  a  standai*d  unit  source.  The 
unita  of  luminous  intensity  are  called  the  hefner  and  the  inter- 
national candle.  A  luminous  intensity  of  ten-ninths  of  a  hefner 
e(]inil.s  one  international  candle. 

The  average  candk^ixiwer  measured  in  all  directions  from 
source  is  called  the  mean  spherical  aimlle-power  of  the  source 
It  equals  the  total  luininoiH  flux  in  Inniens,  <livided  by  4r.    The 
average  candlojHnver   in   th<*   hoii/.i/iilal  plane  p!ussing  through 
the  source  is  ealle<l  the  tnean  horizofUnl  camUe-pawcr  of  the  source. 

387.  Brightness. — The  luminous  flux  density  emitt^  i>y  asur- 
face,  that  Ls^  the  flux  e[nitted  [K'r  tniit  of  emissive  area,  i.s  calkni 
the  luminous  radiatimi  from  the  surface.  Luminous  radiation  i> 
expressed  in  lumens  ]xt  scpmre  centimeter.  The  ratio  of  the  \\mti 
nous  intennity  of  a  surfaie,  to  the  projeetitm  of  the  area  on 
plane  nonnal  to  the  line  of  sight  is  called  the  brightJicss  or 
iniritisic  bnlliancy  of  the  sinfaee. 

A  di.sk  of  pliwter  of  j>aris  appears  .to  Iw  of  nearly  the  sanie 
brightness  fi-oni  whatever  angle  it  is  viewed.  From  whatever 
direetion  it  is  viewed,  the  apparent  area  of  the  surface  is  pmpnr- 
tional  to  the  casine  of  the  angle  lK.'tween  the  line  of  sight  and 


to  the  surface.     Hence  the  surface  enuta  h^Fit  in  every 
in  with  au  iutensily  very  nearly  proportional  to  the  coeiue 
angle  of  emission.     A  surface  that  emits  li^ht  prfjportional 
'tbe  coHine  of  the  angle  of  (^lission  is  sai*!  to  \k*  perfectly  dif- 
iing,  or  to  emit  according  to  Lambert's  cosine  law. 

The  unit  of  briglituess  is  the  brightness  of  a  perfectly  diffusLug 
Kace  radiating  or  refleclinR  one  lumen  per  sq.  cm.  of  pro- 
Bted  area,  and  is  called  the  lamhert.  Tlic  lambert  Ls  so  great 
pt  for  most  purposes,  the  millilambert  (0.001  lamtx;rt)  is  a 
bre  convenient  unit.  Brightness  Is  also  expressed  in  candles 
ST  square  centimeter  and  in  candles  per  square  inch. 

The  human  eye  ceases  to  function  at  brightnesses  bt^low  about 
.0000007  millilaml>ert,  and  above  ab<jut  oO  lanilx^rts.  At  the 
pper  hmit  the  eye  is  so  dazzled  that  vision  is  imposvsible.  For 
tus  reason  we  have  police  regulations  limiting  the  brightness  of 
iUtomobile  headUght^.  The  dazzling  effect  of  a  search  light 
•earn  was  much  used  during  the  recent  World  War  against  enem^- 
kviators  flying  at  night. 

Brightnesses  of  various  light  sources  expressed  in  lambert«, 
irc  roughly  as  follows:  crater  of  the  arc  lamp,  10,000;  Ncrnst 
Imp  glower,  1500;  tungsten  filament,  500;  carlxin  filament, 
50;  acetylcjic  flame,  25;   kerosene  flame,  5;   fi;iuH  flame,  2. 

388.  Illumination. — The  luminou.s  flux  incident  on  unit  area 
f  a  surface  is  called  the  ilium inaiion  of  the  surface.  Thus,  the 
luraination  i?  of  a  surface  of  area  #S  which  intercepts  a  luminous 

^pt>m  this  equation  are  derived  the  units  <»f  illumination,  one 
Imen  per  square  meter,  called  the  lux:  one  lumen  jx^r  s<|uare 
Bntimeter,  called  the  phot;  and  the  lumen  per  scpiare  foot. 

At  a  distance  r  from  a  point  source  of  intensity  /,  the  illumina- 
bn  has  the  value,  (225)  and  (224), 


E^ 


S' 


(225) 
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From  this  equation  we  see  tliat  at  unit  distance  from  a 
source  of  unit  intensity,  the  illuiuination  is  unity.     Conaeq 

the  lumen  i>er  square  meter  (or  Kix)  Ls  also  called  the  rneicT'i 
or  the  aiwJk-rrwter,  and  the  lumen  per  square  foot  is  also  i 
the  foot-catuile  or  the  candle-foot. 

Tlic  illumination  on  a  study  tahlo  or  draftinR  board  should  be  from 
foot'caiidles,  whereas  on  the  fltx>rs  of  corridors  an  iUumiuation  of  1  fooH 
is  sufficient.  For  shop  work  requiring  obscn'ntiou  of  machine  opentk 
general  illumination  should  be  about  4  foot-oandlea.  But  for  work  reqf 
disoriminadon  of  isinnil  detail:]  as  in  watch  makinK,  wooti  engra^iqi 
fine  \<\(^\  work,  the;  illumination  of  the  article  should  \yc  from  S  to  ll 
(iiiiilUas.  Fur  si^vvinff  on  black  cloth  the  illumination  ntust  be  at  lewt 
thai  required  f<jr  jjowing  on  whitn  cloth. 

389.  Illumination  at  Different  Distances  from  a  Point  Sotin:^ 

Consider  a  luminous  [wjint  of  iutcn.sity  /  situated  in  a  transptir 
isotropic  medhmi.  From  (226)  the  ilhiminatious  at  distan 
T\  and  Tn  will  be 


IX 
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Ei=--2 


Whence, 


and 
E-i 


^^^^r 


ra" 


sun 
tiei^ 

itenj 


Therefore,  in  the  case  of  light  emitted  from  a  luminous  poiol 
transparent  isotropic  medium,  tlie  illumination  of  a  surface  al^ 
distance  is  inversely  pro]x>rtional  ti^  the  wjuare  of  that  disti 
from  the  source.  If  the  luminous  souitc  is  an  extended  suri 
the  front  of  the  eniitted  wave  will  not  Ix;  spherical  and  the 
**  inverse  s<[uarr  "  law  will  not  a]»ply. 

390.  Photometry, — The  art  of  comparing  luminous  inl 
is  called  photometry.  Two  Iknuils  of  lij^lit  of  the  sutiie  colof 
different  light-flux  densities  will  produce  retinal  sens^itions  d 
same  kind,  but  difTerent  in  mapiitude.  But,  even  for  thej 
color,  twice  the  hglit  flux  density  does  not  mean  twice  as  brij 
light.  j 

Although  the  eye  cannot  accurately  compare  illuniinatitt 
different  color  (Art.  382),  or  of  diffei'ent  magnitude  even  tF 
they  are  of  the  same  color,  still  the  eye  can  judge  of  the  e{ 
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illuniinat  ions  of  the  same  color  with  a  satisfactory  degree  of 
cision.     This  fact  is  the  basis  of  a  simple  tnctlioil  of  comparing 
luminous  intensities  of  two  aumW  your^rs. 
Consider  two  point  sources  euxittiug  light  of  the  same  color 
fonnly  in  all  directions.     \a^{  a  . 

lU  white  screen  .4,  Fig.  439,  be 
between   the   two  sources 

id  nonnal  to  the  line  connecting  •* 

'theiu.  Let  the  two  sources  be  of 
buninous  intensities  /i  and  I2,  and 
let  the  distances  of  the  screen  from 
the  two  sources  be  ri  and  r-j,  re- 
spectively. Then  the  illuminations  on  the  two  sides  of  the  screen 
due  to  the  two  point  sources  are,  (226), 

/1 


L. 


Fig.  430. 


Ei=^  and  £2  = 


If  the  screen  be  moved  back  and  forth  until  the  two  sides  are 
equally  illumined,  that  is,  until  E\^E2,  then 

Il-h 


(228) 


Although  this  wjuation  is  strictly  true  only  for  point  sources, 
it  holds  verj'  well  for  sources  which  are  small  compared  witli 
their  clLstance  from  the  screen.  The  equation  assumes  that  all 
the  light,  which  reaches  the  screen  comes  directly  from  the  jsource. 
If  there  ai*e  surfaces  wliich  reflect  light  onto  the  screen  the  equation 
docs  not  apply.  In  the  case  of  a  search  liffht.  for  instance,  where 
the  source  is  backed  by  a  reflector,  tlie  equation  does  not  apply  at 

an. 

In  speaking  of  the  intensity  of  a  search  light,  the  term  "equivalent  candle- 
jMJwer"  U  often  usi'iL  Thus,  the  pxprnssion  lOft.fKJO  eqwivaleJil  t^amUe- 
powpf  in  ft  it'rtjiin  dirprtion  ineiinM  that  the  wnirrc  is  produring  tllutninaf ion 
in  thai  direction  e<iiiDl  tc  what  would  be  proiluced  on  the  average  in  all  direo- 
tioDs  by  a  point  source  of  intensity  100,000  candles. 


I 
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la  Fig.  440  is  ropreecnied  Ihe  ootiial  apparatus  for  the 
imiiioiM  intviisitic^.     In  this  cage  the  tntetuity  of  th«  gus  Qanie  t.  ■' 
'«ompartKl  with  thn  Liiton»i(y  of  liiu  flame  of  tiic  liofDMr  liunp  L    At  aj 
meter,  A  is  n  presntire  rcgiilutur,  uiid  m  in  a  itmiioiuvtrt.     The 
box  P.    ITic  photometer  srrct-'o  is  moved  back  and  forth  along  ihtt  i 
the  two  aides  of  the  screeu  are  equally  itiumined.    The  dieloacea  of  &»< 


Fia.  44a 

from  tiie  two  light  aoureea  arc  tlten  obiirrvcd.    The  luminoua  inteantjr 
gas  flame  can  now  \ic  computed  by  means  of  (228). 

LIGHT   UMTS  AND  THEIU   DEFINING  EliUATIONS 


Name  of  Quantity. 

Nnro<!  of 

Unit 

Dt^Aning  Equi 

^minoua  flux 

Lumen.    .... 

f-rAT,*, 

UmiinoUB  intensity 

Candle 

'-.-? 

UUimiiintiiiri 

y,>..\-i  '■mmII.'  * 

Bnglitnow. 

I^inilK^ri  t 

'-^ 

*  OthffT  nniu  nf  lUumitwiitm  an  the  phot  ntul  thf  lux;   t  phol  '020  Cooi*r«t 


n  oon  fivii-onnilli',   1  dvit-canrtl'^  -0  no"' 

t  rtiJirr  uiiil*  ut  liriKtiloott  arr  " 
,intntinirt9r;     1  rjiuitlu    per  wiiuirv  tiK^- 
^  Klfi  l«mWrta.    1  Unib«>rt - 3.064  n 
itn. 


'      r-   -r  Uvt 

>T>*  toeh  ikitd  Ihe  ntHlU  iwf 
1 1      t  c«mUi>  prr  •quar* 
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SOLVED   PROBLEMS 

I^ROBLEu. — A  flo  If  nrea  of  500  sc|.  ft.  is  to  be  given  a  mean  llluinination  of 
it-candles  by  meuHA  of  lamfis  which  have  il  luminous  flux  of  250  iumens 
FiDtJ  tiic  number  of  lanipH  required. 
.unoN.— From  (235)  the  flux  re<iuire<l  F  =  KS,  or 
per  lamp  X  number  of  lamiJS  =  footHyin(ilcsXs<jUiiru  feet 


250n  =  4X500 


roquireil  number  of  himtM, 


n*8. 


.— Tlie  flo  r,  walLi  and  ceiling  of  a  room  20  ft.XlS  ft.XlO  ft. 

mean  i:oeffirif nl  of  iilionrption  nf  0.3  iirc  l^i  be  given  an  illumination  of 

idles.     The  lunijis  lo  Ik*  u.-md  hjive  ti  mean  spheriral  oitniile-powcr  of 

id  ihe  number  of  lamfj^  required. 

*onoN. — Purl  of  the  illuminution  at  any  point  i«  due  to  light  reflected 

other  walls.     The  luminous  flux  which  the  lamps  must  supply  to  any 

iuaJb  the  flux  which  that  area  absorbs.      There  muse  be  BUppU«d  a 

F=0.3(30X15XIO)4-3HOO  lumens. 

^kmp  Kiveit  a  flux  of  4ir20  >^251  lumenK. 

luently,  the  rociuireil  number  uf  lumjis  tb 


3(300 
251 


=  H. 


2.  Reflection  and  Simple  Refraction  of  Light 

"391.  Reflection  of  Light. — Light  Inking  a  wave  iiiotioTv  »li(> 
laws  of  reflot'tion  of  Lglit  are  those  already  consi<iercd  in  the  eha|)ier 
Dn  Wave  Motion.  Of  these  laws,  the  ones  of  most  frequent 
applic4ition  are: 

(a)  The  angle  of  reflection  eciiiaLs  the  angle  of  incidence: 

(6)  The  reflected  ray,  the  ineident  ray  and  the  normal  to  the 
Diirror  at  the  point  of  ineidont'o,  lie  in  the  same  plane: 

(c)  In  the  case  of  refleetion  from  a  plane  mirror,  the  image  is 
fts  far  behind  the  mirror  as  the  object  is  in  front,  and  is  on  the  Lne 
ihrough  the  object  normal  to  the  mirror. 

For  an  image  to  Ix^  formed,  the  mirror  does  not  need  to  extend 
far  enough  to  be  intcTscctod  by  the  line  from  the  object  to  the 
tuirror.     The  production  of  an  image  does  not  depend  upon  the 


1 


B. 


M 


516 


THE  PROPAGATION   OF  LIGHT 


presence  of  an  eye  in  the  proper  pofotion  to  view  it.     In  Fig. 
the  image  of  J.  is  at  A*.     To  see  this  image,  the  eye  must  be 
front  of  the  iiiiiTor  M  and  somewhere  within  the  angle  YA'Z. 

After  reflection   from   a  vertical   plane  mirror,   the   top  ai 
the  Ixittom  of  the  image  are  seen  in  their  conxK-t  f>ositions  relative 
to  one  another,  but  the  right-hand  side  and  the  left-hand  si(fc 
appear  reverseti,  Fig.  442.     Or,  stated  more  briefly,   the 
appears  erect  and  perverted. 

An  opti<*al  figurt*  nvcmbling  an  object  formed  by  liglit  froui 
object  is  called  a  real  image.     If  a  piece  of  white  paper  be  plac 
at  the  place  where  a  real  iitiuge  is  formed,  a  picture  of  tiie  obje 
will  appear  on  the  piece  of  paper.     In  Fig.  441  hght  does 
converge  at  the  point  A\  and  in  Fig.  442  light  does  not  converge 


^^^^^ 


.W    A* 


iB' 


I'-tij.  442. 


A*B'^  but  after  reflection  from  the  mirrors  the  light  appears 
have    come  from  these  places.     These  places  are  called  virti 
images.     No  picture  of  tJie  object-  will  api>ear  on  a  piece  of  paf 
placed  at  a  virtual  image.     Only  virtual  imagt^  ai-e  formed 
light  retiet't^Ml  fruni  plane  uiin'ors. 

392.  Multiple  Reflections. — After  two,  or  any  even  numlx 
of  refiectioiiH  from  plane  mirrors,  the  right  and  left  of  an  image 
ap|x*ar  in  their  correct  positions. 

If  an  image  l>e  in  front  of  a  reflecting  surface,  another  imaj?* 
will  l)e  formed  just  a^  though  it  were  an  object.  In  Fig.  448,  M\ 
and  A/2  represenl  two  plane  mirrors  wliich  are  parallel  and  which 
face  each  other.  liet  ween  these  surfaces  is  an  object^ .  An  iniagr  A\ 
of  the  object  is  formed  Ix^hind  tlie  first  mirror  and  another  image 
A'  behind  the  second  mirror.  As  i4i  is  in  front  of  the  mirror 
there  is  formed  an  image  A2  of  ^1.     As  ^4'  is  in  front  of  the 


ror  Jfl 

mirrfP 


linishing  brightness.  Tin:  number  of  images  that  can  be  seen 
fepentis  upon  the  position  of  the  olwerver  and  upon  thp  brightness 
rf  the  images.  A  person  at  O  beyond  Ihc  mirrors  can  eee  all  suf- 
Rdently  bright  images  that  are  includi'd  be- 
jweu  two  lines  extending  from  the  eye  through 
me.  nearer  edges  of  the  min-ors. 
[  If  an  object  be  placed  in  the  angle  between 
wo  reflecting  surfaces  Mi  and  A/3,  a  series  of 
wiages  will  be  formed,  arrangt^d  symmetrically  ^ 
Ibout  the  line  of  contact  Ix'twf^en  the  two 
birrors,  as  indicated  in  Fig.  444,  An  image 
pehind  both  reflecting  surfaces  will  pro<iuce  no 
tillage.  If  the  angle  between  the  mirrors  be  a 
pubmultipio  of  180°,  it  can  Ix;  shown  that  the  two  images  bchimi 
both  reflecting  surfaces  (A:^  and  -1'",  Fig.  444),  will  Ix^  superposed; 
^d  timt  the  object  plus  the  number  of  separate  images  equals 
860*  divided  by  the  angle  between  the  mirrors. 


M, 


The  property  of  itioHtieti  mirrors  lo  form  a 
fwrios  of  iinitgcs  nrmnf^ccJ  fiymmetricjiHy  about 
a  |K)int.  in  the  basis  vl  the  kiik'idowoiH;.  Thi» 
inHtnimont  <*otij*iat«  of  a  tube  conlaining  two 
plane  mirntrs  inrlined  nl  an  anrslc  which  is 
a  subiiuilliple  of  180°,  Fift.  4-15.  At  one  end  of 
tube  is  a  cell  C  baviniE  the  inner  vnd  of  dear  glass  and  the  outer  end  of 
pound  glaM.    Within  the  cell  are  a  number  of  bits  of  colored  glass  of  various 
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shapea.  On  plncinfE  the  eye  at  E  and  looking  along  the  axis  of  the  tube, 
one  sees  the  bil^  of  a)Iort*d  gliu^  and  their  multiple  images  arraiiged  in  s 
beautiful  pAtlfm  of  *'irc.ular  syminotr>'.  On  rotating  the  cell,  tlie  bite  of 
glass  full  int^  h  Uiffetx^nt  nrrungemcnt  and  another  pattern  is  produced. 

393.  Reflection  and  Absorption  of  Light  at  an  Opaque  Sur- 
face.— If  light  Ixr  incident  on  a  rough  opuquc  surface,  the  incident 
wave  will  Ix*  broken  up  and  scattennl  in  all  dircctions.  If,  how- 
ever, the  distatH'e  hetwivn  lln'  elrvnliuns  of  the  surface  be  less  than 
a  quarter  wave-length  of  light,  that  is,  le^s  than  alx)ut  O.OO0005 
inch^  the  incident  wave  wiJl  \)c.  reflected  with  ven'  little  scatleriiig. 
Such  a  surface  is  said  to  Ix;  polisked.  A  body  which  has  a  polislied 
surface  capable  of  reflecting  hght  without  Hcattering  is  called  wi 
optica!  mirror. 

Of  tht^  light  incident  on  a  l>ody,  a  part,  ia  reflected,  a  part  m 
be  transmitted,  and  the  remainder  is  absorbed.  The  fraction 
the  inrident  light  tliiit  is  refleelod  from  a  p^)li^dl(HI  surface  depem 
upon  the  wave-Unigth  of  the  light,  the  angle  of  incitlence,  ih*^ 
nmterial  of  which  tlie  lK>dy  is  made  and  upon  the  medium  in  front 
of  it.  Other  conchtions  hc'in^  the  same,  when  light  is  traveling  in 
air,  more  light  is  refiected  from  glass  than  from  water;  and  if  it  is 
travehng  in  water,  a  still  smaller  part  is  reflected  from  ghiss.  MIk 
light  of  wave-length  O.fXXXMi  cm.,  go<'8  from  air  to  polished  sur- 
faces of  different  materials  at  perpentUcular  incidence,  tlic  frac- 
tion reflected  is  about  as  follows:  copper,  0.72;  gold,  0.84;  steel, 
0.55;  mercury  backed  by  glass  (German  nurror  plate).  0.70; 
silver,  0.£>^;  silver  hacked  by  glass  (French  minT>r  plate),  0.88. 

When  the  surface  i&  unpolished,  the  reflection  is  diffuse. 
fraction  of  the  total  incident  light  that  is  reflected  by  some  familiar 
unpftUshed    substances  is  about  as  follows:    white    pajjer,  O.VOj 
sritnv,  0.7S;  blaek  paper,  0.05;  bliu^k  velvet,  0.004. 

394.  Selective  Reflection  and  Absorption. — Most  subetanceft' 
abs<Jih  light  wuA'es  of  different  frequencies  to  an  unequal  degree.  A 
substance  that  absorbs  waves  of  all  frequencies  except  of  that  whiA 
produces  the  sensjdiou  calletl  red  will  reflect  and  transmit  only 
waves  of  that  frecjuency-  Such  a  substance  is  said  to  be  red  or  to 
have  a  red  hue.  This  phenomenon  of  selective  absorption  and 
reflection  of  light  is  the  most  common  cause  of  the  color  of  objects. 


REFRACllUN  OF  LIGHT 

o  substance  reflects  light  of  but  one  frcfjucncy.  That  is,  no 
fiubetanee  is  monochromatic  or  of  a  simple  color.  A  substance 
that  reflects  completely  light  of  all  wavc-lengtlia  is  called  white. 
A8ul)fitance  that  reflects  incompletely,  buL  to  an  w|ual  extent,  all 
IirIu  incident  upon  it,  is  said  to  be  gray.  A  substance  that  al>sorbs 
all  light  iucideut  upon  it,  reflecting  none  and  transmitting  none,  is 
said  to  be  black. 

A  IxKly  appears  black  unless  it  receives  light  of  the  frecjuencies 

which  it  reflects.    A  red  body  will  appear  black  unless  it  ret^ives 

light  of  some  fn^qU^ncy  which  prodiwes  th*^  sf^iisatiou  of  red.     TTie 

flolor  of  a  body  that  absorbs  all  incident  light  exi^cpt  that  of  a  few 

\  frequencies  will  be  intense.     A  color  free  of  admixture  with  white 

I  is  said  to  be  saturated  or  to  be  of  high  chrortia. 

The  coUir  of  a  piece  of  \'elvet  is  much  more  intenBC  than  thnt  nf  n  pieee 

of  satin  of  liie  same  material  and  dye.     Much  white  lipht  is  reflected  fmm  the 

UDOoth  satin  Hiirfaoe.     This  wliite  dilutes  the  color  or  reduces  the  ohmma. 

Ugbt  incident  on  velvet  is  refleeted  several  limes  in  the  "pile"  of  the  surface 

'  hrfore  emergence.     With  each  reflection  there  is  selective  alisorplion.     Cons^ 

il|uently  the  emergent  light  is  nearly  free  of  white.     The  color  \3  saturated  or 

'of  high  chroma. 

396.  Refraction  of  Light. — In  going  from  one  medium  into 
another  in  which  the  ppeed  is  different,  light  is  refracted  according 
to  the  laws  already  considered  (Art.  165).  It  has  been  shown  that 
In  the  case  of  any  two  iiiotropic  media: 

(a)  the  ratio  of  the  sine  of  the  angle  of  incidence  to  the  sine  of 

Eie  angle  of  refraction  is  constant; 
(b)  this  constant  quantity  equals  the  relative  index  of  refrac- 
on  of  the  two  me<lia; 
(c)  the  refracted  ray,  the  incident  ray>  and  the  normal  to  the 
refracting   surface   at   the    point   of   incidence,   he   in    the   same 
plane. 

The  index  of  refraction  of  a  substance  depends  upon  the  tem- 
perature and  is  different  for  hght  of  different  wave-lengths. 

The  indices  of  n'fniction  of  a  few  familiar  i^ubstancpj5  for  light 
5>f  wave-length  0.000058  cm.  are  about  a.s  follows:  Ice,  1.3;  water, 
|l.33;  crown  glass,  1.5  to  1.6;  flint  glass,  1.6  to  1.9;  Canada  balsam, 
1.5;  carbon  bisulphate,  l.C;  diamond,  2.4. 
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Tho  opparcQt  trembling  of  objects  »c*cn  through  a  stream  of  air  rifling  from 
the  heated  ground  or  the  top  of  n  stovu  is  due  Ui  the  fnvX  that  the  rofnirtiw-e 
index  of  tl»e  moving  hailed  air  is  loss  than  tliat  of  ihe  cooler  fiurroundiiit^tiir. 
Tho  twinkhng  of  stuns  is  i>nibHbly  due  to  i^iuiilar  iiiequahties  in  the  refrartii'e 
index  of  the  moving  air  Vjotween  the  stars  and  the  observer. 

Thi?  nir  haa  a  greater  refractive  index  than  the  ether.  For  this  re-ason  itiP 
refractive  index  of  the  atmosphere  gradiiaUy  decreases  from  the  earth  upward. 
Consequently  Ught  from  a  hcAvcnly  body  entering  the  earth's  atmosph^TP  in 
any  direction  exeept  along  a  radius  of  the  eartli  is  .gradually  bent  out  of  )ta 
course  toward  a  raditw  nf  ihe  earth.  Due  to  this  fact  a  heavenly  b<i(ly  fS 
visible  while  Ptill  about  a  half  degree  below  tlie  Iioriaon.  Tlie  sun  rises  earlier 
and  sets  later  than  it  would  if  llua  refruelive  effeet  did  nijt  occur. 

396.  The  Fraction  of  the  Incident  Light  that  is  Reflected.- 

Tho  fraction  of  the  incident  Upht  tliat  is  ivflcfted  at  a  poliphed 
Riirfuco  (Ic^xMuls  ui>on  the  angle  of  incidence  and  uix)n  the  relative 
rcfrartive  indices  of  the  two  suljetances  bounding  the  reflecting 
surface. 

The  fraction  of  the  light  itieidenl  at  various  anj^les  which  i^ 
rcflect'Cd  from  a  poUshcd  Hiirfju'c  of  glass  of  relative  refractive  index 
1.55  is  given  in  the  table  ijelow: 


i 

Roaccted. 

t 

Reflected. 

0" 

4.65% 

70" 

18  (»% 

M" 

4.e8 

75" 

26.19 

40" 

5.26 

80" 

39  54 

flO' 

6.50 

1         85" 

RI.77 

60'* 

9.73 

1         90" 

1 

100.00 

h 


Tho  amount  of  hght  reflecteid  by  a  substance  increases  when  the 
difference  1>etween  the  refractive  index  of  the  substance  and  th'*^ 
of  tho  surrounding  inedium  iiicreuw.s.  The  table  oti  the  top  of  tlw 
next  page  gi\'es  the  fraction  of  the  Ught  incident  normally,  in  wr, 
that  is  reflected  by  suhstaue<»s  of  \'arioua  refractive  indices. 

If  a  piece  of  oleJir  glasd  Ijc  immersed  in  a  elear  lii|uuii  iff  the  same  refractive 
index,  the  glass  will  be  invisible.  The  refractive  index  of  ^lassis  different  for 
light  of  different  colors.  Consequently  a  piece  of  glass  immersed  in  a  liquid 
may  be  invisible  when  illumined  by  light  of  one  color  find  be  visible  when 
illumined  by  light  of  a  different  color. 


TOTAL  REFLECTION 
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M 

Keflected. 

M 

Reflected. 

1    0 

0.0% 

2.0 

U.X% 

1.2 

0.8 

•^.2 

14  1 

1.4 

2.8 

2.4 

17.0 

1.6 

5.3 

2.6 

19.8 

1.8 

8.2 

2.8 

22.5 

A  wet  spot  of  water  color  is  brighter  than  the  same  epot  after  the  water 
[dried  out.  This  is  becuiise  there  is  a  greater  difference  between  the 
stive  index  of  air  und  the  wet  pignieiil  thun  that  between  air  and  the  dry 
pigment.  The  bri^htneaa  of  a  pigment  is  heightened  even  more  by  mixture 
ith  oil  or  varniKh.  Tlie  plumage  of  rertuin  individual  birds  is  brighter  than 
it  of  other?  of  the  same  species.  This  is  strikingly  exlubited  by  fluntingoes. 
«ne  individuals  are  of  a  much  brighter  red  than  others.  The  difference  is 
kbabty  due  to  the  larger  amount  of  oil  in  the  fcothcrH  of  the  reilder  birds. 
White  blotting  paper  is  so  highly  jwrous  that  it  has  an  equivalent  reflecting 
kurfnce  inurh  greater  than  the  .Huperficial  area  of  the  sheet.  Its  intense  while- 
htt«  '\H  due  t«  the  large  aninunt  of  light  (hat  is  diffusely  roHectcd.  If  the  pores 
pe  filled  with  oil  of  nbrmt  the  Kimc  n'fnirtive  Index  tw  the  paper,  the  0(|Uiv(dcnt 
Reflecting  surface  is  diminished  and  the  whiteness  is  reduced. 

397.  Total  Reflection. — Consider  the  passage  of  liglit  from 
fK  inudiuni  in  which  tiie  speed  is  less  to  another  in  whicili  the  speed 
is  greater.  To  fix  the  idea«,  let  *S,  Fig.  446,  be  a  point  source  of 
light  in  water.  At  the  niirface  sep- 
arating the  water  from  the  air  above, 
k-here  will  be  both  reflection  and  re- 
fraction. Light  arriving  iit  u  (Xjint  D  •^* 
will  there  Ix;  partly  reflected,  and  the 
remainder  will  be  tranmuitted  into 
Hk  se<^nd  niediinn.  At  any  [x>Lnt 
PVthe  interface  separating  the  air 
and  water  the  angle  of  reflection  will 

fvnud  the  angle  of  incidence.  And  if  the  index  of  refraction  of 
relative  lo  air  l>e  ju,  then,  for  any  angle  of  incidence  i  the 
of  refraction  R  will  be  given  by  the  e<]iiation 
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Since  ^  ii*  greater  than  unity,  this  equation  sliows  that  R 
greater  than  t.  At  some  point  of  the  surface,  E^  the  angle 
incidence  will  Ixi  such  that  7^  =  90°.  Beyond  E  Hght  will  be 
reflecU'd  but  there  will  be  no  liglit  transmit  ted  into  the  second 
medium.  The  value  of  i  for  wbicb  R  =  {H}°,  that  is,  the  smallest 
value  of  the  angle  of  incidence  at  which  light  will  lie  totally  reflected, 
is  called  the  criliail  ajigk  for  the  two  nietlia.  Denoting  thia  angle 
by  c,  we  have  for  the  case  where  /?  =  90°,  sin  /2=  1,  and 


8in  c 
1    ' 


Whence,  the  critical  angle  of  incidence  is 

1 


c=sin 


-\  1 


(229) 


Since  the  refractive  index  of  a  substance  is  different  for  J|ght 
of  different  wiive-lengtiis,  this  equation  shows  tliat  the  critical 
angle  of  incidence  deix^nds  upon  the  wave-length  of  the  incident 
Hght. 

Consider  an  eye  in  water  at  S^  Fig.  447.     Let  e  be  the  oritical  angle  of 

dence  for  wnter  with  rvspprt  to  air.  Noi 
IJK^it  fruiu  any  \wu\t  above  the  water  wiB 
enter  ihe  eye  at  B,  hut  this  Hght  must  traverse 
the  circular  area  between  .-I  and  B.  Thus,  to 
an  eye  at  E  the  siu-fare  of  the  water  appears  to 
be  an  opaq\ie  rpflecting  cj^iling  pierced  by  ft 
round  window  immediately  overhead.    Objects 

HI  "v^.  fl*         nearly   overhead   will   apjw^ar   little   distort^ 

I  but  objects  near  the  hori«»i,  niurh  duitorted. 

Taking  the  index  of  refraction  of  water  to  I* 
l.a3  we  obtain  from  (220) 


Fia.  447. 


Bin* 


■1  p^ =sin- »  0.75  =48'*  aO*. 


Whence 


AEB  =^97". 


4 


Fig.  44S  Bfaows  the  view  tHat  would  be  seen  by  an  eye  in  water  directed 
upward.     It  was  taken  by  a  camera  submerged  in  water. 

Transparent  jewels  arc  so  cut  thai  as  much  lis  |x>sedble  of  the  lig^t  entering 
the  top  .shall  be  reflected  at  the  lower  faces.  Th?  refractive  index  fora  diamond 
is  greater,  and  cunHe<iucut]y  the  critical  angle  ia  smaller,  than  for  any  ot! 


1 


[i  follows  that  fcotAl  reflection  will  orctir  nt  fimflllcr  angles  of  incidence 
he  lower  faces  of  a  diamond  tiiun  from  any  other  jewel,     lliw  i»  the 
Httt  a  proi»erly  cut  diamond,  Fig.  449,  is  so  very  brilliant. 
^jBolor  of  a  Hne  |M)wder  ia  much  fainter  than  that  of  the  unpulverized 
Ice,   and    thfi    rolor  of   a      _ 
I  much  fainter  than  that 

liquid  of  which  it  is 
,.  The  pwwder  and  the 
re  white  if  the  undivided 
ace  is  not  too  deeply 
[.  This  effect  ia  due  to 
Lines,  incident  white  light 
uaely  rcncclcij  citpiously 
ihe  surface  of  the  small 
n  and  bubbles.  Lig^t 
ig  either  the  fine  particles 

fill  bubbles  travei»  such 
difllance  before  being 
out  of  ihe  material 
iuly  UtUe  at)«M>r]}tion  of 
in  occur. 

L  Reflecting  Prisms.— R&- 
i  occurB  whenever  hght  is 

it  on  the  surface  separating  two  media  in  which  the  speed  of  light  tR 
it.  Usually  a  part,  of  the  enerR)'  of  the  incident  wave  ia  transmitted  by 
x>nd  medium.  But  when  light  travcla  from  a  medium  in  which  the 
B  less  to  a  medium  in  which  it  is  greater,  there  will  be  no  tranamitted 
fathe  angle  of  incidence  at  the  interface  is  greater  than  the  critical  angle 


44a 


1 


'^^ 


Fio.  450. 


y 


Fio.  451. 


(▼en  media.  Tn  many  optiral  inHtriitncntA  applicAtion  is  made  of  this 
r  changing  the  direction  of  a  beam  o(  light  without  sensibly  changing 
cnaty. 

IB.  450  and  451  represent  a  right-angled  prism  of  glass.     If  the  glass  be 
rve  index  1.5,  the  critical  angle  in  iiir  is  42**,  (229).     Consequently, 
normally  the  face  AC  of  a  right-angled  priam  of  such  glass,  it 
reflected  at  the  i&ce  AB  and  will  emerge  normal  (o  the  face  BC, 


J 
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If  it  he.  draircd  to  have  the  inmge  inverted,  &  second  reflection  will  be  i»e<«- 
Ban'.  The  two  required  reflections  may  be  produced  by  substituting  for  ti» 
hypotenuse  face  two  Burfacea*  inclined  to  one  another  like  the  two  sides  of  k 
gable  roof.  Fig.  452.  This  so-cflllcd  .Vmiw  totally  reflecting  prism  is  used  in 
certain  |M*ruH»f>eA  and  panoramic  gun  i^ighta. 

In  Fig.  453,  A  CB  represejita  an  isosceles  glnrn  prism  of  such  a  verteA  anglr  C 
that  light  incident  on  the  face  AC  iwirallcl  to  the  haw  will  be  refnicrodaaJ 
strike  the  hu-se  at  an  angle  great+'r  Ihun  the  critical  angle  f)f  incidence.  After 
total  reflection  at  the  base,  the  Ught  will  proreed  to  the  face  BC  and  erorrge 
X>arallel  to  the  incident  direction.  The  diagram  flhow*?  that  on  cmergcnrc  tk 
relative  positions  of  the  rays  x  and  y  are  reversed.     This  device  is  coaBmoaly 


^s 


Fio.  462. 


Fio.  453. 


used  to  invert  an  image.  Wlien  so  used,  it  is  called  an  "erecting  pri^m." 
It  should  be  remarked  that  the  face  AB  acts  simply  as  a  plane  mirror  and  pw- 
duces  the  same  effect  as  any  other  plane  mirror.  The  prism  is  only  a  toor 
venient  device  for  c^iusing  the  light  to  strike  the  mirror  at  the  proper  angle  sBQ 
for  caumng  the  emergent  light  to  be  pamllel  to  the  entrant  light. 

399.  The  Change  of  Wave-length  on  Refraction.— The  speed 
of  propagation  of  any  wave  motion  is,  ( 1 10), 

where  n  represents  the  miinhrr  of  vihnitions  per  second,  ami  ^ 
represents  the  distance  traveled  durinj?  the  time  of  one  vibra- 
tion. Since  the  frequency  is  oonstant,  the  wave-length  must  rliimg^ 
whenever  Ihe  Rjx'od  ohanjtes. 

The  anujiint  of  ehanpe  in  the  wave-lcn|?th  of  light  on  pasMD* 
from  a  medium  in  whit-h  the  speed  is  t^i  to  a  medium  in  which  the 
Rpeed  is  t'2  is  easily  dctmnined.  D<^nnte  ihe  wave-lengt.hs  of  the 
liglit  in  the  two  media  by  Xi  and  X2,  respectively.     Then 


v\  —  nX)  and  t'2  =  iXa. 


Whence  (113,  p.  212). 


X2 


hore  M  is  the  index  of  refrat-tion  of  the  second  medium  relative  to 
le  first  for  light  of  the  given  freiiueucy. 
,   Consequently, 


(230) 


Dispersion. — It  is  found  that  althouRh  light  of  all  fre- 
icies  has  the  siiine  velocity  in  the  otlicr,  li|:cht  of  <h'ffereiit  fce- 
^wncios  travei-ses  transparent  matter  with  difTert'nt  .sjieeds. 
Fhis  fact  is  described  by  the  statement  that  the  index  of  refraction 
of  a  substance  is  different  for  Hght  of  tlifTerent  frequencies.  Since 
the  amount  that  light  is  deviated  from  its  rourse  in  ^oing  from 
one  meflium  to  another  depends  upon  the  relative  speeds  in  Iht* 
two  media,  it  follows  tluit  light  of  different  frequencies  will  Ix' 
refracted  hy  different  amounia  in  going  from  one  trans|>arent 
Diodium  to  another.  Thus,  suppose  the  luinuious  point  5,  Fig.  454, 
*  a  wjnrce  of  waves  having  the 
fequency  that  produces  the  sen- 

telion  of  red,  and  also  of  waves    ^^ 

^t  produce  the  sensation  of  blue.  ^ 
^  a  snudl  fxjrtion  af  the  wave 
Jont  pass  through  a  hole  in  the 
iiaphnigm  D  and  traverse*  the 
Elass  prism  P.  It  is  fouTid  that  a  screen  placed  so  as  to  receive 
Jie  light  after  emerging  from  the  prism  will  exhibit  two  spots  of 
ight,  one  red  and  one  blue.  Wliatever  may  l"»e  the  mbrture  of  light 
wiitted  by  the  source,  the  uikmiuiiI  refractitJii  uf  light  of  different 
Pequencies  effe<'ted  by  traversing  the  prism  will  separate  the 
ompoHite  light  into  itti  cimstituent  cohirs.  ^Fhe  separation  into 
;s  components  of  light  consistuig  of  a  mixtm-e  of  different  fre- 
uencies   is  calleti  disj}erman. 

If  one  of  two  prisms  of  equal  angle  deviates  light  through  twice 
he  angle  that  the  other  does^  it  might  be  supposed  that  it  would 
Lso  disperse  it  twice  as  much.  This  is  not,  however,  found  in 
eneral  to  lx»  ti*ue.  Two  prisuw  of  diffei-ent  sul»stances  pla<'(Hl  as  in 
"ig.  455  may  give  a  resultant  deviation  of  zero  and  a  i*csultaut 
iH|)ersion  of  finite  value. 


,1 
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Again,  one  substance  may  have  a  higher  index  of  refraction  than 
another  and  have  a  smaller  dispersion  for  any  two  given  colors. 
Thus,  if  a  prism,  Fig.  450,  of  the  first  substance  be  placed  adjacent 
to  a  prism  of  the  second  substance,  and  of  such  an  angle  as  exartly 
to  neutralize  the  dispersion  produced  by  the  first  prism,  ttie  light 


i 

M        emerging  fn^n  l.lie  system  will  W  deviatwi  from  its  original  dinn' 
I        tion,  but  will  Ix*  undispersed. 

w 


I 


Fig.  456. 
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QuEaTIONS 


1.  If  sunliKhl'  travels  in  Ktraight  lines  and  if  at  the  earth  the  sun's  rays  nre 
parallel,  how  is  (liiylight  ilisMfiniiiatt'd  thrtjugh  a  nxnn  bu  tliat  it  rcachce  even 
part?     How  does  a  room  with  only  a  nortli  window  gi?t  any  light? 

2.  A  duat-free  room  is  cl'iHcd  light  tight,  exot'pt  for  a  small  round  hoir  in  a 
curtain  ut  on«*  side  of  ihf  rocjin.  Sui)p»o«e  a  fjerfei^t  luimir  interpo«od  so  as  t" 
reftcrt  the  light  U)  the  reiling.  What  doos  one  now  scm>?  How  would  ib^* 
presence  ofduHl  in  tlu^  nwfni  afTfct  tht-  experiment? 

3.  What  form  Hliiiulrl  he  K'ven  a  mirror  whirh  ia  to  be  used  behind  an  tf^ 
lamp  for  a  locomotive  hcad-ligfat?  Show  clearly  with  diagnunA.  and  pv 
phyaical  reasons. 

4.  Does  a  man  above  the  surface  of  the  water  appear,  to  a  fish  btjov  id 
farther  from  or  nearer  to  the  surface  than  he  actually  k?  Show  by  u»e  if 
Huyghens'  coa^itruction. 

6.  When  a  man  Btands  with  hJK  bock  to  the  window  and  looks  into  a  lea*- 
he  sees  two  ijiumes  of  tho  window.     Explain  how  they  are  produced. 

6.  Over  deserts  and  over  the  ocean  in  still  hot  weather,  whrn  the  air  i> 
oom(K>setl  of  layers  of  different  densities,  travelers  sometimes  see  iu  llie  sky 
inverted  imager  of  distant  objects  (i.e..  miragcii).  Show  thai  this  is  a  phr 
nomenon  of  tot-al  reflection. 

7.  A  fish  is  below  the  •inrfaef  of  the  water.  A  man  shoots  at  the  plnrt 
where  the  fish  appears  to  b*-,  holding  the  guu  at  an  angle  of  45°  with  the  siw^ 
faoe  of  the  water.     Does  the  bullet  pass  above  or  below  the  fish?     Explain. 
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.  what  direction  must  a  fish  look  to  see  the  setting  sun? 

3  a  person  looking  at  a  thick  block  of  glass  from  above,  a  picture 

n  the  bottom  of  the  block  appears  as  though  it  were  inside  the  glass. 

£uUy. 

f  a  diver  should  look  out  from  below  the  surface  of  a  very  clear  still 

V-  would  the  appearance  of  the  shore  both  above  and  below  the  water 

T  from  its  appearance  if  the  lake  could  be  suddenly  dried  up? 

)bjects  seen  across  the  top  of  a  red  hot  stove  appear  imsteady  and 

i.    FiTplain 


CHAPTER  XXV 
LENSES  AND  LENS  SYSTEBfS 

^1.  The  Cardinal  Paints 

401.  The  Spherical  Lens.-  (Reread  Arts.  163  and  16i)  I 

diaphragm  having  a  small  aperture  be  placed  between  a  screai 
a,  group  of  luminous  points,  Fig.  457,  there  will  appear  as 
screen  a  small  spot  of  light  for  each  point  source.     These 
spots  will  be  arranged  in  a  figure  like  the  group  of  luminous 
sources.     The  figure  on  the  screen  resembles  the  group  d  d$ 
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points.  An  optical  figure  resembling  an  object,  formed  by  I 
from  the  object  is  called  a  real  image.  The  space  around 
small  image  siwts  is  dark  on  account  of  destructive  interfci* 
A  more  detailed  discussion  of  image  formation  is  given  in  ChiJ 
XXVII. 

If  the  aperture  in  the  diaphragm  be  large,  Fig.  458,  there 
appear  on  the  screen  a  large  diffuse  spot  of  light  that  doca 
resemble  the  group  of  object  points.     This  spot  is  bright  W 
too  diffuse  to  be  an   image.     When  the  aperture  is  small, 
image  is  sharp  but  dim.     It  would  be  highly  desirable  to  have 
brightness  obtainable  with  a  large  aperture  together  with 
sharpness  of  image  obtainable  with  a  small  aperture.    A  M 
enables  us  to  obtain  this  result. 


THE  SPHERICAL  LENS 

Consider  a  single  luminoas  point  S  in  front  of  a  larpe  aperture 
and  screen  A'-Y'.     It  is  required  that  the  light  traveling  along 

various  paths  5a,  Sb,  Sc,  etc.,  shall  airivc  at  some  point  i  in 

same  phase. 

The  ray  Sa  can  be  bent  into  the  ray  ai  by  means  of  a  prism  of 

per  angle,  Fig.  460.  The  other  rays  from  the  object  point  S 
lan  be  caused  to  converge  at  i  by  means  of  other  prisms  of  proper 
Uigle. 

Light  traveling  along  the  unequal  paths  Sat,  Shi,  etc.,  will 
Urive  at  t  in  different  pha^ies  unless  n  projH^r  retardaHon  )je  iutro- 
luoed  in  the  shorter  paths.  The  proper  amount  of  retardation  can 
>c  produced  by  an  adjustment  of  the  thicknesses  of  the  various 
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pTiHrns.  If  the  angles  and  thiekncssea  of  the  various  pnams  have 
^n  properly  selected,  most  of  the  light  wliich  comes  from  a 
|>oint  source  and  traverses  the  system  will  arrive  in  the  name  phase 
*t  a  single  point.  As  the  number  of  prisms  is  indefinitely  incn?ased, 
me  angles  between  the  successive  prisms  disappear  and  the  sur- 
hoe  becomes  smoothly  curved.  It  can  be  shown  that  the  required 
nrface  is  not  far  from  spherieal. 

|i  As  spherical  surfaces  are  economically  grovmd,  <he  surfaces  of 
enses  are  usually  spherical.  In  Fi^.  ICjO,  tlic  lens  approximating 
D  the  s>'st«m  of  prisms  is  indicated  by  flottod  lines.  Light 
raversiug  the  edge^  of  the  lens  converges  to  a  point  nearer  the 
ens  than  light  traversing  the  central  part  of  the  lens.  The  cor- 
Bction  of  this  fatilt  is  considnred  in  a  later  Ar(i<'!i'. 
I  A  lens  which  renders  a  light  wave  more  convergent  is  called  a 
xmi'erging  Jens.    A  lens  which  renders  hght  more  divergent  is 
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called  a  diverging  lens.  There  are  lens  systems  which  are  com 
pent  for  light  traversing  them  in  one  direction  and  divergent  for] 
light  traversing  them  in  the  opjxisit^?  dirertion.  A  eonverging  k-iB] 
or  lens  system  is  said  to  be  posiiivi',  and  a  diverging  lens  or  leMi 
system  is  said  to  be  negative.  A  convex  glass  lens  in  air  coD-j 
verges  light.     A  <*oiivex  lens  of  air  in  water  nmy  diverge  light. 

402.  Principal  Points. — For  purposes  of  graphical  represent*- j 
tion  it  is  often  convenient  to  represent  the  rays  or  patlis  akwRl 
which  liglit  travels,  iu8tead  of  the  fronts  of  the  advancing  wa^t. 
In  isotropic  media,  rays  are  normal  to  the  wave  fronts. 

Tlirotighout  the  present  section  of  this  chapiter  we  sliall  coD-i 
sider  the  effect  of  a  lens  bountled  by  spherical  surfaces  upon  light] 
that  travernes  the  lens  near  the  center  ami  in  a  chreetion  nearly 
parallel  to  the  [irincipal  axis.  To  make  the  diagrams  clearer, 
however,  the  rays  in  the  dia^-anis  illu^tniting  these  Articles  a^tD 
not  be  confinetl  to  this  narrow  region. 

In  Fig.  461  the  i-ay  starting  from  .1  iwirallcl  to  the  principal 
axis  of  the  lena  will  be  ABCF.     Pn>duce  AB  and  FC  till  they 

intersfict  at  D.  Tlirougb 
D  draw  a  line  DP  per- 
pendicular to  the  princi- 
pal axis.  In  so  far  aa 
the  portions  of  the  raj' 
outside  of  the  lens  arc 
concerned,  the  light  along 
the  ray  AB  proceeds  aa 
though  it  had  traversed 
the  straight  line  AD  and 
had  then  been  bent  into 
the  path  DF.  Similarly,  in  so  far  as  the  portions  of  the  ray 
outside  tlic  lens  are  concerned,  light  proueediug  from  tiie  right  to 
tlie  left  along  the  ray  A*B^  emerges  from  the  lens  as  though  it  had 
traversed  the  straight  line  A'D'  and  liad  there  l)een  l>ent  into  the 
path  D'F',  Through  D'  draw  a  lino  D'P'  perpendicular  to  the 
principal  axis, 

Tlie  importance  of  the  planes  DP  and  D*P'  lies  in  the  fact  that 
a  ray  such  as  AJj  which  is  not  parallel  to  the  [}nncipal  axis,  leavca 
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e  lens  afi  if  it  had  followed  a  straight,  path  AJL  to  tlie  plane 

I'P',  had  then  traveled  parallel  to  the  principal  axLs  to  the  plane 

•P,  and  had  then  followed  another  straight  path  MKL     That  is, 

lere  are  two  planes  parallel  to  the  principal  axis  of  a  lens  or  lens 

^tern,  which  possess  the  proixjrty  that  the  prolongation  of  any 

^ident  ray  meets  the  first,  and  the  prolongation  of  the  corre- 

nding  emergent  ray  meets  the  second,  in  ix>ints  eipially  distant 

m  the  principal  axis.    They  are  called  the  ''principal  planes" 

the  lens  or  lens  system. 

The  points  P  and  P'  where  the  principal  planes  are  cut  by 

e  principal  axis  are  called  **  principal  point*."     There  is  a  pair 

principal  points  for  light  of  each  color.     In  the  caae  of  most 

,  however,  the  principal  ixvints  for  all  colors  are  so  nearly 

nincident  that  in  the  present  discussion  the  dcjmrture  will  be 

(ejected. 

The  distance  from  the  emergent  principal  point  to  the  corre- 
|>onding  principal  focus^  real  or  virtual,  is  culled  the  'principal 
booi  length  of  the  lens  or  lens  system.  In  the  case  of  the  con- 
ierging  lens  represented  in  Fig.  461  the  ]>iincipal  focal  length  is 
^F  when  the  liglit  travcln  from  left  to  right,  and  Ls  PT'  when  the 
Ight  travels  from  right  to  left.  If  the  lens  had  been  a  divei^ing 
ens,  the  principal  foc-i  F  and  F^  would  have  l^een  \4rtual  and  the 
^iucipal  ftxal  lengths  would  have  iK^en  P'P  and  PF',  respectively. 
It  can  be  shown^  though  the  pnxjf  will  not  be  here  given,  that  if 
lit'  media  on  the  two  sides  of  a  lens  are  the  same,  then  the  two 
irincipid  fo<'al  distances  are  equal. 

I  llie  distant^  between  the  image  and  the  nearer  lens  Hm*face 
UftUed  the  hack  focus  of  the  lens.  In  the  case  of  a  system  of 
Hns  or  a  single  thick  lens,  Ihc  principal  focal  dbtanee  may  be 
lonsidcrably  different  th.-in  the  back  frunis. 

403.  Parallel  Rays  Meet  in  the  Principal  Focal  Plane. — 
Let  P,  P'  represent  the  princii^il  ixiints,  nn<l  F^  F'  the  principal 
^.i  of  a  positive  lens.  Coasider  light  from  the  point  ^,  of  a  small 
ibject  perpendicular  to  the  pHncipal  axis,  which  traverses  the  path 
il)  parallel  to  the  principal  axis,  and  also  light  which  traverses 
brue  other  path  .4 A'.  After  emergence  from  the  lens,  the  light 
^11  proceed  along  the  paths  dAi  and  ^^i. 
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Also  consider  light  from  some  point  C  such  that  AC» 
That  is,  the  rays  AK  and  CP*  are  paraDeL  If  the  inu^i 
to  be  distorted  we  must  have 


AC/    kF\^AiCi 
AB\dP)     AxBi 


kP       dP 


AiCi    AiBj 
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Prom  the  similar  triangles  kHP  and  A  i  HCi , 

kP       PH 


AiCi     HCi' 

and  from  the  triangles  dPF  and  FBiAi, 

dP  ^PF 
AxBi     FBi' 

PH  ^PF 
HCi     FBi 


Therefore,  (231)  becomes 


From  the  propcJsition,  "if  a  straight  line  divides  two  sid 
triangle  proportionately,  it  is  parallel  to  the  third  side,"  it  1 
that  FH  is  parallel  to  J?iCi.  K  the  object  is  at  right  an 
the  principal  axis,  the  image  is  at  right  angles  to  the  principi 
Ck)nsequently,  FH  is  at  right  angles  to  the  principal  axis. 

The  plane  through  the  principal  focus  normal  to  the  pr 
axis  is  called  the  principal  food  plane.    It  has  now  been 
that  if  the  image  is  undistcarted,  incident  parallel  rays  {AK  ai 


NODAL  Pt^lN'l'S 


533 


Fni.  4ti3. 


the  diagram),  after  rRfraotion  by  a  lens,  meet  at  a  point  in  the 

incipol  focal  plane.     If  the  light  \)e  jiiip|)osed  to  orii^inatc  at  a 

int  H  in  the  priucipul  focal 

ane  we  will  have  the  converse 

opoaition:   Two  rays  from  a 

)bt  in  the  principal  focal  pbine 
a  lens  will  after  emergence  Iks 

amllel. 
404.  Nodal    Points.  —  Oon- 

der  a  positive  lens  with  prin- 

pal  points  situated  at  P  and 

\  and  principal  foci  at  F  nm\ 

Fig.  46;i.  Lipht  parallel  to  the  principal  axLs  and  incident  at  R 
will  after  emergence  pass  through  ihi* 
principal  focus  /'.  ¥nmi  A^  ou  the  focal 
plane  through  F\  let  light  pass  parallel 
to  CF  to  the  i>oint  y.  From  the  pro|x;rty 
of  rays  from  a  point  in  the  focal  plane 
jii&t  proven,  the  emergent  ray  KL  is 
parallel  t<j  CF, 

Prothice  A  J  and  LK.  The  interj?ec- 
tions,  A'^'  and  A'',  of  these  lines  with  the 
principal  axis  have  the  property  that 
incident  light  directtn^  toward  the  nearer 
one  will  on  enu»rgencf^  prf)ceod  in  the 
parallel  line  tluit  pn.Si>es  through  the  other. 
Tlie  two  poinUs,  N  anil  A'"',  [mving  the 
property  that  if  incident  light  is  directed 
toward  one,  the  emergent  light  will  pro- 
ceed in  a  |>arallel  dii-ection  from  the 
second,  are  called  mxial  pointfi. 

The  p<^)Hitioiis  of  the  nodal  points  of 
lenses  of  several  shajien  wlien  made  of 
glass  of  index  of  refraction  1.5,  are  given 

Fro  464  '"  ^''*^'  ''*'^*     ^^  ^^^'^  ^^'  "'^*^*^  thai,  de- 

pt^nding  upf.ui  Ihe  curvature  of  the  Ixiiuul- 

tace,   the  nodal  jKHntK  may  be  within  or  outside  the  lens. 
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For  a  lens  Iwunded  l>y  siirfares  of  the  same  radii  of  curvature,  tbej 
nodal  points  divide  the  distance  between  the  two  poles  into  thii 
The  no<l:il  jxiints  of  u  sphere  coincide  at  the  center.     A  leas  »i( 
sidcM  of  (hffcrent  radii  of  cur\'ature,  struck  from  the  same  nnli 
has  a  single  nodal  point.     It  is  possible  to  construct  a  lens  of 
such  that  the  nodal  points  are  at  infinity.     This  lens  has  no  prin-J 
cipal  focal  leng;t.h. 

The  principle  undcrljang  the  ordinary  method  of  locating  ejEpt'ri*| 
mentally  the  nodal  points  of  a  lens  or  Ions  combination  will  ihw 
be  considered.     Let  a  narrow  l)eam  of  parallel  hght  be  incident  en 
the  pole  of  a  lens  having  nodal  points  Nt  N\  Fig.  465.    A  narrow 
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■  beam  of  light  incident  at  the  pole  of  a  lens  is  calleii  a  cerUrtc  penal 

I  After  travei-sing  the  lens,  light  incident  in  the  direction  AN'v^ 

I  emerge  in  the  dii'octioo  NB.     If  the  lens  be  rotated  through  nn 

"  angled  about  an  axis  through  A^,  light  uacident  in  the  directin" 

AN'i  will  emerge  in  the  same  direction  as  before.     That  is,  if* 

centric  |K'ncil  lie  iuciileiil  on  a  leits,  the  dii-cction  of  the  emergen) 

light  will   lie  unaffected   by  a  rotation  of   the  lens  about  a  line 

which  is  perpendicular  to  the  principal  axis  and  passes  througli 

the  nodal  jxiint  of  eraei^ncc. 

The  fact  tliHl  if  a  lens  or  lens  system  be  rotated  about  a  line  throupli  tiw 
nodal  i»omi  of  emerKence,  the  image  will  remmn  stationary  is  utilijtod  in  ih^ 
"panonirnk"  t^mcra.  In  this  camera  thelciia  Bv-stem  is  turned  about  su*"!' 
fin  axis  wliilc  the  tiltn  cither  reitiainA  .stationary  or  is  moved  by  clockwork  ii> 
the  opposite  direction.  In  order  that  each  part  of  the  image  may  be  equalh 
sharp,  the  film  is  l>ent  into  the  arc  of  a  circle  liaving  a  radius  equal  to  the  focal 
lengiti  of  the  lens.  By  thw  de^Hce,  the  >*arioua  part«  of  an  object  cxtendiDg 
thmugb  any  angle  can  be  successively  brought  to  sharp  focui  in  proper  reU- 
tion  on  a  long  sensitive  &lm. 


EQUIVALENT  POINTO 


The  principal  points,  the  nodal  points  and  the  principal  foci 
Bistitute  a  system  called  the  cardinal  jmtils  or  Gauss  ftoinis  of  a 
IB.  Knowing  the  cardinal  points  of  a  given  Ions  or  lens  system, 
|e  emergent  ray  corresponding  to  any  assigned  incident  ray  can  be 
ICstnirtod. 

405.  Equivalent  Points.— It  will  now  be  shown  that  in  the 
iual  case  in  which  the  media  on  the  two  sides  of  the  Ichh  an^  the 
fcme,  the  nodal  points  coincide  witli  the  principal  pcnnt^.  LVom 
^  construction  of  Fig.  403,  the  triangles  QF'N'  and  RPN  are 
dual,  ami  the  triangles  AF'N'  and  DPF  arc  equal. 

Whence, 
\  P'N'{^PN)=PF-NF (232) 

\a  F'P'-\-P'N'  -  PN-\-NF, 

Or  since  I^'N'^PN 

FP'  =  NF. 
Substituting  in  (232), 

I  P'N'^^PN^PF-F'P'. 

When  the  media  on  -the  two  sides  of  the  lens  are  the  same, 
lie  two  principal  focal  lengths  are  oqim!;    that  is,  P'F'  =  PF, 
^^lencc,  in  this  case, 
I'  P'N'=-PN^Q. 

Consequently,  when  the  media  on  the  two  sides  of  the  lens 
n?  the  same,  the  nodal  points  coincide  with  the  principal  pointa. 
!he  term  equivalent  poinU  is  used  to  denote  the  superim[K>scd 
rincipal  and  nodal  points  of  a  lens  or  lens  system.  The  two 
lanes  through  the  equivalent  points  norma!  to  the  principal 
lis  arc  called  th(.^  cquiml/rnl  planes  of  the  lens  or  lens  system. 

406.  Stunmaiy  of  the  Properties  of  Equivalent  Points  and 
lanes. — The  properties  of  equivalent  points  and  equivalent 
janes  which  are  of  greatest  ulihty  in  the  study  of  lenses  are  as 
Hows: 

1.  An  incident  ray.  parallel  to  the  principal  axLs  of  a  IcriF,  will 
merge  as  though  it  had  proceeded  to  the  second  equivalent  plane 


^ 
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and  had  there  been  changed  in  direction  so  as  to  pass  throu^ 

principal  foc:u8. 

2.  An  incident  ray,  directed  toward  any   point  on  the 
equivalent  plane,  will  emerge  from  the  leas  as  thougll  it  came  U 
a  pciiiit  at  uii  equal  distance  from  the  principal  axis  on  the 
equivalent  plane, 

3.  An  incitlent  ray,  directed  toward  the  fipRt  equivalent  poij 
will  eni(Tg(^  from  tlie  lens  as  a  parallel  ray  from  the  second  equiva- 
lent jxant. 

4.  Incident  parallel  rays  meet  after  emergenoe  in  a  principal 
focal  plane. 

6.  When  a  centric  [xmcil  is  incident  on  a  lens,  the  lens  can  be , 


O 


#■• 


dV 


^ 
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rotated  about  a  line  perpendicular  to  the  principal  axis  through 
the  equivalent  point  of  emergence  without  motion  of  the  iuiap* 
being  produced. 

The  first  four  of  these  properties  are  used  in  determining  the 
paths  of  light  through  lenses.  The  fifth  is  used  in  locating  expcn- 
mcntally  the  point  from  which  to  measure  principal  foced  length*. 

§  2.   The  Poifition  of  the  Image 

407.  The  Location  of  the  Image  of  an  Object — In  the  followg 
diagrams^  the  object  will  U^  repiesentcd  hy  a  liea\'y  arrow,  and  its 
real  image  by  a  light  arrow.  After  transmission  by  a  lens,  light, 
without  forming  a  real  imago,  may  diverge  as  though  it  came  from  a 
second  object  similar  to  the  actual  object.  The  region  from  which 
the  light  appears  to  divergt^  is  called  a  virtual  image.     A  virttial 
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f/mi 


will  be  represented  by  a  liplit  dottet!  airow.     An  image  in 

ice  used  as  an  object  for  another  lens  is  (fulltMl  a  virtual  or  aerial 

and  will  he  represented  by  a  heavy  dotted  arrow.     The 

ition  of  the  image  of  an  ohj<'ct  situated  at  various  distances 
)m  a  lens  will  now  l>e  determined;    first  graphically,  and  then 

lylicAlly.     Only  lenses  will  be  considered  tiiat  are  bounded  on 

two  sides  by  the  same  medium. 

For  uniformity  of  repre-sentation,  the  li^ht  will  always  be  rep- 
as  traveling  from  the  left  to  the  right. 

(a)  Converging  Lens.  Object  Farther  from  the  Lens  than  (he 
principal  Focus. — In  Fig. 
167,  let  F,  F'  and  E,  E' 
pepresent  the  principal  foci 
knd  the  equivalent  poirit.^, 
hspectively,  of  a  converg- 
ing lens.  These  four  points 
.^ing  given,  the  actual 
jcurvature  of  the  surfaces 
l^nd  Uie  index  of  refraction 
of  the  glass  may  be  <lismissetl  from  consideration. 

From  the  end  A  of  the  object  draw  two  lines, — one  parallel 
to  the  i>rincipal  ajds  as  far  as  the  swond  eijuivalent  plane,  and 
Mother  through  the  first  equivalent  point  E\  Thou,  in  accord- 
Mice  with  Property  1,  Art.  4CH),  draw  a  line  from  />  through  the 
principal  focus  F.  And  in  accordance  with  IVoperty  3,  draw  a 
ifte  from  E  parallel  io  AE',  'Hie  image  of  the  point  .1  will  be 
te  each  of  these  lines  and  consequently  will  be  at  their  inter- 
iection  A\.  In  the  same  manner,  the  ]x^sition  of  the  image  of  any 
ather  point  of  the  object  can  be  found.  The  image  A-iB\  is  real 
^d  inverted. 

•  An  anal>'tieal  expression  for  the  jwsition  of  the  image  will  now 
)e  found.  In  the  figure,  tiie  triangU-.s  ABE'  and  A\B\E  are  sim- 
iar,  and  also  the  triangles  DBF  and  A\R{F.    Whence, 


467. 


EB 


\  _  AB  /      DE  \  _ 
'i     AiBA'AiBj' 


EF 
FB{ 


It  is  customj>.r>*  to  represent  the  principal  focal  dist^anee  EF 
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by  the  sjoribol  /,  the  distance  E'B  of  an  object  from  the  fiM 
equivalent  plane  by  it,  and  the  distance  EBi  of  the  image  from  the 
second  4'quiviilcnt.  plane  hy   v.     Using  this  notation,  the  aboi 
equation  becomes 

V     v-f 
or,  ta>—iif=rf. 

Dividing  by  up/, 

1— i+l c 


(5)  Converging  Lens.     Object  Nearer  the  Lens  than  the  Prind 
Focus. — From  the  end  A  of  the  object,  Fig.  468,  draw  two  lines,—    '^ 
one  parallel  to  the  principal  axis  as  far  as  the  second  equivalent 
plane,  and  another  througli  the  first  equivalent  ix)int  E\    Then, 

Property  1,  Art.  406,  draw 


kl^ 


the 
tdw 
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a  line  from  D  through  the 
principal  focus  F.  And  b 
accordance  with  Property  3, 
draw  a  line  fi-om  E  parallel 
to  AE'.  The  image  of  the 
point  A  will  be  on  the  in' 
s(H!tion  of  theiie  two  lines 
of  these  Hne^  produced. 
Whence,  Ai  is  the  image 
of  A.  In  the  same  manner, 
the  position  of  the  image  of  any  other  ixiint  t)f  the  ()I)ject  can  bf 
found.  The  image  AiBi  is  virtual  and  erect.  That  is,  no  imap 
is  actually  fonucd,  but  the  light  emerging  from  the  lens  proccwL^ 
as  though  it  came  from  an  object  similai-  to  AB  but  situated  At 
AiBi. 

An  anal>'tical  expression  for  the  position  of  the  image  may  be 
lii'tcniiined  as  in  the  preceding  ca^e.  From  the  construction  of 
the  figure,  the  triangles  ABE'  and  AiBiE  are  similar,  and  the  tri- 
angles DEF  and  A\B\F  are  similur.     Consequently, 

E'B^  AB  /      DE\^EF 
EBx     AxBi\     AiBi)     BxF 
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UsnnK  the  customary  notation,  as  indicated  in  the  figure,  this 

Qience, 

V     u     f 


(234) 


(c)  Cofwerging  Lens,  A  crial  Ohjed  to  Ike  Right  of  the  Lens. — 
efore  Etrikiog  a  lens  or  mirror,  light  fioin  a  point  source  la 
vcrgnnt.  After  rt^fleetion  from  u  mirror  or  rrfnu-tion  by  a  lenp, 
t  proceeds  along  rays  that  may  bo  divergenl,  piiratlcl  or  con- 
nt.  We  will  new  contiitler  the  effect  of  a  convex  lens  on 
nvergent  light. 
Let  light  diverging  from  a  point  -4,  not  shown  in  the  figure, 
ind  rendered  convergent  by  a  lens  not  shown,  proceed  toward 
fce  point  -4i,  Fig.  469.  Let  a  converging  lens  having  equivalent 
pints  E\  Ej  and  principal 
pd  F',  F,  be  int^^rposed  in 
be  path  of  the  light.  The 
jay  GE'  incident  at  the  first 
^|uivalent  point  will  emerge 
iom  the  lens  in  the  parallel 
lirection  EE'  i  from  th  e 
lecond  equivalent  point 
jProperty  3,  Art.  406).  An 
bcident  ray  NO^  parallel  to 


■   laiM 
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tie  principal  axis,  will  on  emergence  be  bent  into  the  line  DD\ 
9a&<ting  through  the  principal  focus  F  (Property  1,  Art.  406).  The 
atersection  of  £^£"1  and  DDi  is  the  position  of  the  image  of  the 
aoint  A  i  when  the  given  lens  is  used. 

I  Proceeding  as  above,  we  find  the  relation  between  the  aerial 
tbject  distance  u,  the  actual  image  distance  y,  ai>d  tiic  principal 
focal  distance  /,  to  be 


(d)  Diivrging  Lens.    Real  Object. — Here  again,  the  two  tri&i]( 
ABE'  and  A\B\E,  Fig.  470,  are  Rimilar,  and  the  triangles   Dl 

and  A\B\F'  are  also  simfl 

B*B^  AB_(  ^  DE  \i 
SB,     AxB\     AxBJ    ^ 

Fi-oin  the  diagram,  it 
be  noted  that  in  the  pi 
case ,     t  h  e     principal    ft 
length,  that  is,  the  dist 
between  the  emergent  e<[uivak'iil  p<»int  and  the  principal  foci 
EF'. 

Using  the  customary*  notation,  we  obtain 

U^i 

V      Xi      S 


[e)  Diverging  Lt*n^.     Aerial  Object  to  tike  Right  of  the  Leiis  q 
Outside  the  Principal  Focal  I)it<fance. — Consider   the    effect   of 


H^ 

^ 

* /■ 

» 

* — — 

u- » 

^^  -f^ 

5^ 
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i 
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^V  ^ 
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diverging  leas  on  light  already  rendered  convergent  by  a  pj 
ceding  lens.  Without  the  diverging  lens,  Fig.  47 1 ,  Ught  follow] 
the  patha  GE'  and  ND  would  converge  at  the  point  .4|.  On  i 
introduction  of  the  diverging  lens  having  equivalent  points  E\ 
and  principal  fori  F',  F,  the  emergent  light  will  diverge  as  thou^ 
had  come  from  the  point  A2- 


m  The  triangles  AiBiE^  and  A2B2E  are  similar,  and  also  tV 
Bangles  DEF*  and  A2B2F\     Whence,  proceeding  as  in  the  other 
Ika,  and  remenilM^ring  that  since  this  is  a  diverging  lens,  the 
nncipal  focal  length  is  EF\  we  obtain 


(/)  Diverging  Lens.     Aerial  Objeci  io  the.  Right  of  the  Lens  and 
Viihin  the  Principal  Focal  Distance.  Without  the  diverging  lena, 
ig.  472,  light  following  the 
laths  GE'  and  XD  would 
«>nverge  to  the  point  Ai. 
"hi     the    introduction     of 
diverging  lens  having 
uivalent  points  E',  E,  and 
cipal    foci    F\    F,    the 
ergent  hght  will  converge 
the  point  A 2^ 
The    triangles    AiBiE' 


Fig.  472. 


knd  A2B2E  are  similar,  and  also  the  triangles  DEF'  and  ^42^2^'. 
ience,  proceeding  as  in  the  other  cases,  ami  renienihering  that 
we  this  is  a  diverging  lens,  the  principal  ftjoul  length  is  EF', 
obtain 

i=^-i       (238) 

It  sliould  be  noted  that  when  but  one  lens  is  employed  a  real 
ilQage  is  always  inverted.*  By  means  of  a  s<;cond  lens  this  image 
Bftay  be  again  inverted,  that  is,  caused  to  be  erect. 
I  Before  we  can  ust»  Equations  (233-2:i8)  in  a  numerical  problem, 
ie  must  know  whether  the  given  problem  conies  under  Case  a,  b, 
%  d,  €  or  f.  For  example,  let  it  be  required  to  find  the  principal 
focal  length  of  a  positive  lens  such  that  when  u  =  5  in..  i'==15  in. 

f  'This  statement  applies  to  all  actual  leiiscs.  But  il  may  be  mentioned 
fltat  if  the  distance  between  the  convex  spherical  surfncca  He  sufficiently  great, 
the  rciJ  image  will  be  erect.  Hnwcver,  such  a  thick  piece  of  glaas  would 
ly  not  be  called  a  lena  but  would  be  called  a  rod  with  convex  ends. 


ipiiallyoi 
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If  u>/,  we  have  Case  a,  and  /=3j  in.     Whereas,  if  u</,  we 
Case  fo,  and  /=7J  in. 

408.  The  Standard  Lens  Formula. — An  inRpe<?tion  of 
tions  (2:j3-238)  .sliows  that,  the  relation  between  u,  v  and  /  fc 
various  cases  is  the  same,  except  as  to  the  signs  of  these  qi 
This  supgej*ta  the  ix)ssibility  of  adopting  a  convention  suci 
by  giving  proper  signs  to  the  quantities  in  a  single  ecpiatioi 
equation  could  be  made  to  apply  to  all  cases. 

It  slionid  1h*  notiHl  tliat  the  object  distance  u  is  the 
from  the  incHkut  equivak'nt  plane  to  the  obje<;t,  whether 
aerial;    llio  image  dititunco  v  is  the  distance  from  the 
equivalent  plane  to  the  image,  whether  real  or  virtual;   the 
cipal  fixial  distance  /  is  the  distaiu-e  fix>m  the  eniergcni  equivalt 
plane  to  the  focus,  whether  real  or  virtual,  formed  by  inci< 
parallel  rays. 

Measuring  u,  v  and /from  the  corresp)onding  equivalent  ph 
let  ua  consider  these  (luantiiies  as  positive  when  they  extend  in] 
the  direction  light  is  being  pmpagated,  and  negative  when  they] 
extend  in  the  opposite  direction.  With  this  convention,  by  giving] 
the  proper  signs  to  the  quantities  u,  v  and/,  the  equation 


1  =  W- 


(239) 


will  apply  to  either  a  converging  or  diverging  lens  in  any  assipi«l 
p(wit,ion  relative  to  a  real  object,  a  real  image,  or  an  aerial  ubje<'t. 

409.  Magnification. — When  light  from  a  luminous  obj«*t 
traverses  a  coii  verging  lens  and  foims  a  re^l  image,  the  ratio  of 
the  length  of  the  image  to  that  of  tlie  object  is  called  the  /i'**"'' 
magnificcUion  of  the  object,  or  the  linear  rtxagnifyiiig  power  of  the 
lens. 

Now  the  normal  eye  can  be  accommodated  to  rays  that  are 
either  parallel  or  slightly  divei^nt.  Vision  is  most  easy  when  tk 
rays  to  the  eye  from  a  given  jx>int  are  pai-allel;  that  is,  when  llic 
point  is  at  a  great  distance.  Vision  is  most  distinct  when  the 
point  is  ul>out  10  in.  (25  cm.)  from  the  eye.  Observers  usuully 
focalize  a  microscope  for  most  distinct  vision.  When  the  ^'^rt»al 
image  of  the  object  seen  in  a  microscope  is  10  in.  from  the  eye. 


wJo  of  the  size  of  this  virtual  image  to  the  siiK?  of  the  object 
ten  to  be  the  Unear  luagniticatioii  produced  by  tlie  micro- 
he  ratio  of  the  angle  subtended  at  the  eye  by  the  linage,  to  the 
subtended  at  the  eye  by  the  object,  is  ca  led  tlie  aftgi4!ar  mag- 
iticn  of  the  object,  or  the  angular  magnifying  power  of  the  lens 
Ds  system.  The  tenn  *'lnear  magnifying  power"  is  not 
ed  to  telescopes. 

he  proper  magnification  is  determined  by  the  limits  of  eom- 
ble  vision  for  the  details  of  the  image  that  are  to  be  observed, 
magnification  prt)tluced  deixuids  iijwm  tlie  curvatun-s  and 
rial  of  the  lens.  Experience  has  shown  that  in  reading  type 
le  size  used  in  this  book,  most  pt^jplo  hold  the  book  at  a 
ace  of  about  25  cm.  from  the  eyes.  Wlien  the  page  is  held  at 
distance,  the  angle  at  the  eyes  subtended  by  the  individual 
•9  has  an  average  value  of  about  0.006  radian.  From  this 
we  conclude  that  for  most  comfortable  vision  the  size  of  the 
Is  should  be  such  as  to  suV>tend  an  angle  at  the  eye  of  about 
i  radian.  However,  for  short  si)ac'es  of  time  we  can  study 
Is,  without  undue  strain,  that  are  from  one-tenth  to  ten 
8  this  size. 


SOLVED   PHOitLEM 

lOBLEM. — A  certain  optical  Kv^^tci!!  rtnutista  of  two  poeitive  leases  liaving 
pal  focal  leogths  in  the  ratio  3  :  1.     Tlie  (instance  between  the  equivalent 
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of  each  lens  being  given,  autl  the  distant!c  between  the  adjacent  equiva- 
oints  of  the  two  lenses  being  onr-lialf  the  sum  uf  the  focal  lengths  of  the 
locate  graphically  the  equivalent  points  and  the  principal  foci 


^ 
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the  system.     On  the  diagrftm  indicate  the  principal  focal  Jengtb  of  the; 
From  the  diagram  show  whether  the  sytitem  is  positive  or  negative. 

SoLtTioK. — In  the  figure,  quantities  with  the  subscript  "I"  refer  to' 
tens  marked  "1,"  and  quantities  with  the  subscript  "2"  refer  to  the 
marked  "  2."  Quantities  with  the  subscript  "s"  refer  to  the  lens  Bystcm  tl 
as  a  unit. 

An  inspection  of  the  diagram  shows  ttiat  for  this  particular  lens 
(a),  one  equivalent  point  hes  between  the  lenses  at  a  distance  from  the 
focirn  leas  equal  to  about  one-third  the  principal  fitcal  length  of  that 
(6),  the  other  equivaient  point  of  the  system  lies  beyond  Uie  short-focue 
and  not  far  from  the   principal   fw-us  of  Ihr  long-Focus  lens;     (c),  for 
traveling  the  t^onihinatioii  in  fme  directi(»n  the  system  produces  con' 
whereas  for  light  in  tlic  opposite  direction  the  system  produces  diiv< 
tliat  is,  the  comhinution  may  be  either  n  positive  or  negative  system,  depen( 
upon  the  direction  of  passage  uf  the  light. 


the 


§  'S.   The  Aberraiitnui  of  Letises  and  Lena  Syalem^ 

410.  The  Spherical  Aberrations. — Spherical  siirfaces  being 
the  only  ones  thut  can  be  easily  gn>umi  with  considerable  pre- 
cision, lenses  are  almost  always  bounded  by  such  surfaces.  Oiily 
such  lenses  arc  considered  in  the  present  section.  In  Art.  401, 
it  has  been  showm  that  a  spherical  wave,  after  traversing  a  spherical 
lens  of  wi<le  aperture,  will,  in  (general,  enierpe  with  a  front  that « 
not  spherical.  When  a  spherical  wave  is  incident  on  a  lens,  the 
departure  of  the  form  of  the  emergent  wave  front  from  a  sphejical 
form  Ls  called  spherical  aberrah'on. 

By  filling  with  smoke  or  dust  ]>artic'lps  the  region  through  wl 
light  passes,  it  is  possible  to  n^mler  visible  the  path  of  light.  By 
this  devi(;e,  photographs  were  taken  of  a  beain  of  parallel  lijiht 
incident  on  a  plano-convex  lens,  when  the  plane  face  was  toward  the 
liglit  source,  Fig.  474,  and  also  when  the  convex  face  was  toward 
the  light  source,  Fig.  475.  In  the  first  case  the  lack  of  a  point 
focus,  that  is,  the  departure  of  the  emergi'nt  wave  from  the  spbc 
cal  form,  is  ver>'  marked.  Laght  traversing  the  lens  in  thisdi 
tion  suffers  great  spherical  alierration.  In  Fig.  475,  the  light  wD* 
verges  to  a  focus  of  somewhat  smaller  dimensions.  That  is,  the 
form  of  the  emergent  wave  frtjut  is  more  nearly  sphericAl.  Coo* 
sequently,  in  this  rase,  the  spherical  aberration  is  less. 

If  a  screen  per|)endic'ular  to  the  principal  axis  of  the  lens  be 
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in  the  narrow  part  of  the  emergent  beam  of  lights  one 
serve  a  small  bright  spot  in  the  center  of  a  larger  disk  of 
^t.  At  a  certain  position  the  diameter  of  the  dbk  will  be  a 
inimum.  The  bri^t  disk  of  smallest  diameter  ib  called  the 
xie  of  least  confusion. 

The  positions  of  the  principal  points  of  a  lens  with  spherical 
(erration  depend  iipon  the  inclination  of  the  incident  light  to  the 
inicpal  axis,  and  also  upon  the  distance  between  the  point  of 
tidence  and  the  pole  of  the  lens.  There  is  no  definite  prin- 
pal  focus  of  a  lens  having  spherical  aberration.  However,  it  is 
tetouiary  to  assume  the  principal  focus  to  be  situated  at  the  circle 
'  least  confusion,  produced  by  an  incident  plane  wave  proceeding 


Fio.  474. 
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rard  the  center  of  the  lens  in  the  <lirection  of  the  principal  axis. 

e  principal  focal  length  of  such  a  lens  is  usually  taken  to  be  the 

tance  from  this  circle  of  least  coufusioift.o  the  emergent  equiva- 

t  point  for  axial  rays. 
Due  to  spherical  aberration,  the  image  of  a  point  Hource  will 

ver  be  a  point,  but  will  be  a  nebulous  spot.     The  image  of  an 

grtended  object  will,  in  general,  l)e  indistinct,  curved  and  distorted. 

Five  different  spherical  aberrations  are  distinguished  as  follows' 

gdal  spherical  aberration,  astigmatism,  curvature  of  field,  dis- 

prtion  and  coma. 

411.  Axial  or  Longitudinal  Spherical  Aberration. — A  narrow 
one  of  light  proceeding  from  a  point,  or  advancing  toward  a  point, 
B  called  a  light  pencil  After  refraction  by  a  lens,  or  reflection 
rom  A  mirror^  a  pencil  may  be  cylindrical.    A  pencil  parallel  to 


A^D  LEN8  SYSTKMS 

the  principal  axis  of  a  leits  is  called  an  axutl  pencil. 
pencil  coinciding  with  the  prinicpal  axis  ia  called  a  dii 
pencil;  an  axial  pencil  incident  a*  a  point  remote  from  (i 
called  an  eccentric  pencil;  a  pencil  incident  on  the 
lens  Ls  called  a  centric  pencil;  a  centric  jKncil  obhqu< 
principal  axis  is  caUed  an  oblique  centric  pe^cU.  A  wi\ 
called  a  beam. 

In  Art.  401  it  is  shown  that  light,  parallel  to  the  piin* 
and  incident  near  the  edge  of  a  converging  spherical  len.' 
to  a  focus  nearer  the  lens  than  will  light  incident  near  th 
In  the  ca.*?e  of  a  diverging  lens  a  similar  statement  holds: 
tual  focus  for  light  parallel  to  the  principal  axis  and  inci< 


^/ 
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me  edge  is  nearer  the  lens  than  is  the  virtual  focus  f( 
dent  nejir  the  center.    The  longitudinal  distribution 
of  an  axial  l)eam  is  callefi  axial  or  Ujngitutiinal 

The  axial  aberration  for  the  lens  illustrated 
measured  by  the  distance  (/1/4}  between  the  focus  f< 
pencils  and  the  focus  for  the  centric  pencil.     Wit-h 
fi  LS  to  the  right  of /i,  whereas  with  a  concave  le^ 
left  of  /|.     The  axial  aberration  of  a  converging 
be  positive.     Then  that  of  a  diverging  lens  is  negativ^ 

Associated  with  the  axial  8pTea<ling  of  the  focus'' 
"rsG  spreading.     Due  to  tliis  cause,  tlie  iniage  of  a  fXiij 
will  have  an  appreciable  nwignitude. 

The  axial  and  transverse  alx-rration  of  a  cfttive 
be  counterbalanceti  t^  a  considerable  extent  bv  the 
diverging  lens  of  greater  focal  length. 
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rmBtigm- — In  Fig.  477  is  sliown  the  effect  of  a  con- 
)f  large  aperture  on  a  plane  wave  incident  at  a  great 
principal  axis  of  the  lens.  In  this  ease  the  emergent 
I  of  converging  to  a  point  or  to  a  small  circle  of  least 
averges  to  two  "focuJ  lines."  In  the  figure,  one  of 
\  shows  as  a  short  bright  line  pnrallel  to  the  side  of  the 
fther  focal  line 
the  plane  of 
tie  place  where 
>ears  most  nar- 
A  wave  which 
1-18  Spherical, 
ter  emergence 
lines,  the  phe- 
iepaiiing  from 
B  is  called  aMiffmatism  (i.e.,  without  a  point).  The 
the  two  focal  lines  is  culled  the  antigjnalic  difft  r- 


FiG.  477. 


uen 
focal 


lines  are  at  right  angles  to  one  ariolhcT.  The 
le  lens  is  normal  to,  and  the  <m<'  farther  from  the  lens 
ne  containing  the  object  point  and  the  principal  axis 

rence  between  the  effects  of  a  spherical  lens  on  axial 
m  oblique  beams  can  be  illustrated  by  means  of  a 
such  as  is  represented  hi  Fip;.  478.     Ra^'S  diverging 

0  on  the  principal  axis  of  the  lens  L  are  converged  to 
F,   Rays  diverging  from  a  point  i?  at  a  considerable 

1  the  principal  axis  of  the  lens  converge  to  two  Unc  foci 


4 

I 


&  diagram  on  a  blackboard,  in  which  there  are  long 
,  various  directions,  to  be  placed  normal  to  the  axis  of  a 
sherical  lens.  Let  a  wliite  screen  be  placed  in  the  focal 
lens.  The  image  formed  on  this  screen  will  have  the 
iracteristics:  the  image  of  idl  lines  directed  toward 
ion  of  the  principal  axis  of  the  lena  and  the  plane  of 
will  be  sharp  to  the  edge  of  the  field.  This  is  due  to 
[though  the  images  of  all  points  near  the  edge  of 
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the  object  field  will  be  lines,  these  image  lines  are  radial, 
any  radial  line  of  the  object  the  image  lines  will  be  su 
The  images  of  all  lines  td  the  object  perpendicular  to  tfas  a 
ones  just  considered  will  be  broad  and  blurred  except  neur  the  m 
of  the  image  field.  This  is  due  to  the  fact  that  the  image  U\ 
point  of  one  of  these  object  Unes  is  a  line  perpendicular  to 
object  line.    The  length  of  the  image  line  of  a  point  near  the  i 
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of  the  lcn8  is  small,  hut  i»  appn^ciable  for  ]x>int-K  farther  from  i 
axis. 

If  the  receiving  screen  be  brought  nearer  the  lena  tlian  ^ 
principal  fm^us,  a  position  will  be  reached  such  that  the  iuiaj^' 
the  ends  of  the  radial  lines  of  the  object  will  be  bn>a<l  and  nebulw 
and  the  images  of  lines  perpendicular  to  them  will  be  (ijflljnct. 

If  with  the  receiving  screen  in  the  fo<'al  plane  of  the  leiu 
use  a  diagram  consisting  of  black  Unes  on  a  white  h^ck 
the  images  of  the  radial  lines  will  be  distinct  and  of  the  ? 
width  throughout,  whereas  images  of  the  lines  perpendicular 
them  win  be  narrower  at   ~  of  the  image  field  than  at 


iter.     (Why?)     They  will  be  nebulous  at  the  center  and  sharp  at 
B  edge  of  the  field.     (Why?) 

By  meAna  of  simple  I(»ri.He.s  of  different  thicknesses  and  refrac- 
fe  indices,  bounded  by  spherical  surfaces  of  different  curvatures, 
compound  lens  can  Ix*  coiistructe<l  that  will  produce  negligible 
ttigmatism. 

Lenses  are  sometimes  used  which  are  l>ounded  by  surfaces 
lat  are  cylinders  with  parallel  axes.  After  traversing  a  converging 
/lindrical  lens,  a  wave  which  (m  incidence  was  plane  will  con- 
?fge  to  a  single  focal  line.     This  line  focus  is  the  principal  focus 

the  lens.  After  refracl  ion  by  a  converging  cyhRdncal  lens,  light 
om  a  point  source  will  produce  a  line  focus  that  nia>-  be  either 
al  or  virtual  dejiending  upon  the  distance  l>etween  the  source 
id  the  lens.  A  compound  lens  consisting  of  a  spherical  and  a 
lindrical  compom*nt  produces  astigniatisFn  in  all  |>encils  whether 
Gy  are  incident  a.\ially  or  obliquely,  centrically  or  excentrically. 

413.  Curvature  of  Field. — A  pencil  of  homogeneous  light 
B,  advancing  toward  the  principal  axis  luul  incident  at  any  point 
a  lens,  will  be  brought  to  a  focus  at  a  point  nearer  the  lens  than 
ill  a  pencil  €B,  panillel  to  the  principal 
OS  and  incident  at  the  same  point  of  the 
ns.  In  other  words,  the  focal  length  of  a 
ns  for  the  pencil  AB  is  less  than  the  focal 
ngth  for  light  advancing  parallel  to  the 
•incipal  axis  and  incident  on  the  same  point 
the  lens.  The  greater  the  inclination  of  AB  to  the  principal  axis, 
le  shorter  will  be  the  focal  length.  F'or  this  reason  the  image  of 
I  object  plane  normal  to  the  principal  axis  will  be  curved.  The 
ck  of  planencss  of  the  image  of  a  plane  surface  nomial  to  the 
incipal  axis  of  a  lens  is  calle<l  cuifalure  of  fieUL 

In  Figs.  480  and  481  Ls  re^prej^'uted  a  converging  lens  provided 
ith  a  diaphragm  or  "  stop  "  in  which  there  is  a  small  opening 
iposite  the  center  of  the  lens.  In  Fig.  480  the  object  AB  xb 
rther  from  the  lean  than  the  i>rincipal  focus,  whereas  in  Fig.  481 
e  ol>ject  is  nearer  the  lens  than  the  principal  focus.  In  both 
see  the  object  is  so  large  that  it  subtends  a  large  angle  at  the 
nter  of  the  lens. 
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An  inspection  of  Fig.  467  shows  that  when  an  object  is  he 
the  principal  foi-iis  nf  a  convex  lens,  the  shorter  the  focal  len( 
the  lens,  the  nearer  to  the  lens  will  be  the  image.  Then,  sin< 
focal  tengt.hs  of  a  lens  are  smaller  for  oblique  than  for  axial  pC 
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the  image  will  be  curved,  with  the  concavity  toward  th« 
Fig.  480.  The  image  of  a  plane  normal  to  the  principal  as 
be  saucer  shaped. 

An  inspection  of  Fig.  468  shows  that  when  an  object  is  be 
a  convex  lens  and  the  principal  focus,  the  shorter  the  focal  1 
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the  farther  from  the  lens  will  be  the  image.  Then,  since 
lengths  of  a  lens  arc  smaller  for  oblique  than  for  axial  penc 
image  (virtual,  in  this  case)  will  be  curved,  with  the  coi 
away  fnun  the  lens.  Fig.  481. 

An  inspt^ction  of  Fig,  470  shows  that  the  shorter 
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^  of  a  concave  lens,  the  nearer  to  the  lens  will  be  the  image. 
!n,  since  the  focal  lcni?:ths  of  a  lens  are  smatler  for  oblique  than 
axial  pencils,  the  inmge  will  V>e  cnrvedj  witli  the  concavity 
ard  the  lens,  Fig.  482. 

By  adding  a  convex  lens  to  a  concave  lens,  a  compound  con- 
^»g  lens  can  be  produced  that  will  give  zero  curvature  of  field. 
lUthough  for  lenses  having  spherical  ulx'rration  there  is  a  pair 
>rincipal  planes  for  pencils  of  each  diffoi-ent  oljliquitj'  to  the 
cipal  asds,  the  variation  in  the  position  of  the  principal  planes 
K>  small  to  be  represented  in  the  tliagrams  of  this  and  the  suc- 
ling  Articles. 

114.  Distortion. — A  nonuniform  magnification  of  an  image 
ailed  disUniion.  Consider  oblique  pencils  which  come  from 
its  of  a  distant  object  and  are  incident  on  a  simple  converging 
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I.  In  Fig.  483  there  is  a  diaphragm  between  the  object  and  the 
(,  and  in  Rg.  484  there  i.s  a  ttiaphragm  between  the  leiiH  and 

image.  Draw  tlirougli  the  first  equivalent  point  a  ray 
eJlel  to  the  uicideut  pencil.  The  ray  from  the  second  equiva- 
«nt  will  int-ersect  the  principal   focal   plane  at  A*.     But 

^jfc  pencil  incident  near  the  eilge  of  a  Hiniple  lens  is  refracted 
« than  a  pencil  in  a  parallel  direction  incident  near  the  pole  of 
lens,  the  pencils  in  the  alx>ve  figures  will  converge,  not  at  a 
»t  A'y  but  at  some  point  a'.     Thus,  with  a  diaphragm  between 

object  and  the  lens,  Fig,  483,  the  edges  of  the  image  of  an 
inded  object  will  be  less  magnified  than  the  central  region. 
en  the  diaphragm  is  lx*twec?n  the  lens  and  the  image,  Fig.  484, 
edges  of  the  image  of  an  extended  object  will  be  more  magnified 
n  the  central  region.  All  lines  of  an  extended  object  that  do 
pass  through  the  principal  axis  of  the.  lens  will  appear  curved 
be  image. 
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The  entire  image  field  will  be  curved.     The  image  of  a  pi 
will  i»ot  l>c  ]>liiiK',  but  will  Ije  spherical.     For  this  reason  the  h 
formed  on  a  plane  screen  will  not  be  sharp  throughout  its 
If  the  seriH^n  he  placed  at  sudi  a  jxisit  ion  that  the  central  porlion" 
of  the  image  is  sharp,  then  the  peripheral  portions  will  be  nchuloic. 

It  should  be  rcmarked  that  although  for  the  purpose  of  sim- 
plifying the  construction  of  the  diagrams  in  this  Article  the  objt 
has  been  consi4k'red  tf>  1k^  at  a  gnyit  distance  from  the  lens,  th( 
would  be  distortion  of  the  image  and  curvature  of  field  whatci 
the  diKiancc. 

Figs.  -185  and  486  are  from  photographs  of  imaRes  of  an  object 
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consisting  of  a  set  of  parallel  straight  lines  cross(?d  at  right  an^ 
by  another  set  of  parallel  straight  lines.  With  the  diaphra^ 
between  the  object  and  a  converging  lens,  Fig.  485,  was  produced; 
with  the  diaphragm  between  the  lens  and  the  image,  Fig.  486,  w»a 
produced. 

416.  Coma. — Even  though  a  lens  were  corrected  for  astift- 
matism,  rays  AB  and  AB*,  Fig.  487,  etfually  incUned  to  the  lin*" 
AE\  would  converge  to  a  point  a,  while  rays  AC  and  AC,  equally 
inchneil  to  the  line  AE\  would  converge  to  a  point  a'. 

Light  that  has  traversed  the  central  portion  of  the  lens  comes 
to  a  point  focus  at  A',  but  the  liglit  that  has  traversed  a  concenlric 
zone  of  the  lens  comes  to  a  ring  focus.  The  diameter  of  the  ring 
focus  depends  upon  the  diameter  of  the  particular  zone  of  the  lens 
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["traversed  by  the  light.  The  ring  foci  due  to  light  that  has  tra- 
the  different  zones  of  the  leiis  are  not  concentric,  but  are 
out  into  a  line  as  shown  in  Fig.  488. 
If  the  lens  were  alao  correct^  for  curvature  of  field,  various 
Ting  foci  would  be  in  one  plane.  But  even  though  the  lens  were 
«»rrected  for  astigmatism  and  curvature  of  fieldj  the  image  of  a 
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point  Bource  at  a  distance  from  the  principal  axis  would  be  a 
nebulous  comet-shaped  volume  inHtead  of  a  nharp  point.  The 
aberration  that  exists  when  light  from  a  luminous  point  incident 
obliquely  on  a  lens  of  large  aperture  forms  a  volume  image  instead 
of  a  point  image  is  called  anna. 

The  outline  of  the  volume  image  can  be  studied  by  placing  a 
white  receiving  screen  in  the  image  and  normal  to  the  axis  of  the 


Fig,  490. 
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pencil.  In  Fig.  489  is  shown  the  appearance  on  a  screen  placed  at 
aa\  Fig.  487.  The  point  of  the  bright  [^e^r-shaped  spot  corre- 
sponds to  the  position  A\  and  the  middle  of  the  opposite  end  to 
the  position  o.  The  upper  side  was  out  of  the  plane  of  Fig.  487, 
and  toward  the  reader.  Tho.  cross-section  (r>orpendieuIar  to  the 
principal  axis  of  the  lens)  of  the  volume  image  at  the  end  of  the 
image  farthest  from  the  lens  is  a  broad,  nebulous  nearly  straight 
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hnCf  Fig.  491.     The  cros&-i>uctiou  at  u  Jiiid  position  is  shown  i^ 
Fig.  490. 

il6.  Methods  of  Reducing  the  Effects  of  Spherical  AberTati( 
— In  the  Articles  imineclialely  precoiiing,  it  has  been  sliowii  ll 
the  spherieal  alMrmtiou  of  a  simple  lens  depends  upon  the  dist 
from  the  center  of  the  lens  to  the  point  of  incidence,  the  radii 
curvature  of  the  iens  surfaees  and  tlie  inclination  of  the  incit 
ray  to  the  principal  axis,  A  spherical  wave  incident  on  a  lens 
wide  aperture  bounded  by  spherical  surfaces  will  not  be  s) 
on  emergence. 

A  glass  len.'^  Ix^unded  by  continuous  faces  can  be  made  that  hasJ 
negligible  longitudinal  aberration,  but  such  lenses  are  too  expensive 
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for  ordinary'  use.  A  lens  of  negligible  longitudinal  sphcrici 
aberration  can  also  be  constructed  that  has  one  face  that  is  not ' 
continuous  but  is  divided  into  concentric  zones,  each  zone  having! 
spherical  surface  of  the  proper  curvature.  Such -a  lens  is  called 
a  Fresncl  lens.  The  small  pre.ssed  glass  Fresnel  lenses  used  for 
search  lights,  head  lights  and  semaphore  lights,  Fig.  492,  ccnsist 
of  a  single  piece  of  glass.  In  the  krge  Fresncl  lenses  used  for 
lighthouses,  each  zone  is  ma<le  up  of  several  separate  pieces  uf 
glass. 

All  of  the  spherical  alx*rrations  can  be  reduced  by  diminishinR 
the  effective  aperture  of  the  lens  by  stopping  out  either  the  mar- 
ginal part  or  the  central  part.  In  cheap  cameras  this  method  is 
commonly  employed.  The  method  has  the  fault  that  by  cutting 
off  a  large  amount  of  hght  the  brightness  of  the  image  is  coo- 
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My  diminished.     A  camera  in  which  this  method  is  used 
|uirop  a  lonj;  exposure. 

A  lens  which  considerably  refracts  light  has  a  large  spherical 

l&berration,  whereas  one  that  refracts  to  but  a  small  extent  has  a 

small  spheri<:al  ah>erration.     The  magnitu<!e  of  spherical  aberration 

incfi^sey  rapiilly  with  increase  of  refraction.     To  produce  small 
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sphericAl  aberration  the  siuijM?  of  the  lens  mast  be  such  that  at 
Ueither  face  shall  there  he  a  large  deviation.  For  a  given  total 
deviation,  the  spherical  aberration  will  be  a  ininimum  when  the 
^leviations  at  the  two  surfaces  of  the  lens  arc  equal^^that  is,  when 
tbe  angles  of  emergence  and  incidence  are  equal.  Fig.  493  shows 
light  parallel  to  "the  principal  axis  and  incident  on  the  plane  sur- 
face of  a  plano-convex  lens.  In  Fig.  494  the  light  is  incident  on 
the  convex  surface  of  the  same  lens.  In  the  second  case  the 
f!pherical  aberration  is  less  than  in  the  first 
case. 

Fig.  495  shows  a  double  convex  lens 
Imving  the  two  surfaces  of  radii  of  curva- 
ture in  the  ratio  of  6  to  i,  and  made  of 
^asB  of  refractive  index  1.5.  In  this  case 
tlie  angle  of  eonergence  eqiiolsf  the  angle  of 
incidence,  and  the  spherical  aberration  is 

the  smallest  possible  for  a  single  lens.  A  lens  having  surfaces  of 
guch  curvatures  that  the  spherical  aberration  is  minimum  is  called 
a  "  crossed  lens." 

When  moderate  refraction  is  required,  spherical  aberration  can 
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be  reduced  to  zero  by  combining  a  lens  of  negative  spberic 
aberration  with  one  of  jxjsitive. 

Wlien  a  large  refraction  is  required,  spherical  aberration 
be  made  as  small  lis  desired  by  combining  several  louses  ol 
shapes  that  the  refraction  produced  at  each  surface  shall 
small.  Other  things  being  constant,  spherical  aberration  will 
least  when  the  whole  bending  of  a  ray  is  divided  equally  araoi 
the  lens  surfaces.  For  a  8>'stem  of  two  given  lenses  and 
incident  fixial  rays,  it  can  be  sliown  that  each  lens  will  produt 
the  S4ime  deviation  when  the  lenses  are  separated  by  a  distj 
equal  to  the  dilTerence  Ixitween  their  principal  focal  lengths. 
sequcntly  a  syKtem  of  two  lenses  of  principal  focal  lengths /j  and. 
gives  minimum  spherical  aljerration  when  the  distance  x  betwi 
the  adjacent  equivalent  planes  is 

417.  Chromatic  Aberration. — It  has  been  shown  (Art.  380) 
that  sunlight  consists  of  a  uuxture  of  a  great  number  of  diflfereiit 
colors.  The  same  fact  is  more  easily  shown  by  means  of  a  prism. 
Since  light  of  different  wave-lengths  is  refracted  by  different 
amounts,  a  lens  will  not  bring  the  components  of  whit€  or  other 
unhomogeneouH  light  to  a  single  fociis  even  if  there  be  no  spher- 
ical aberration.  There  will  be  a  separate  focufi  for  each  color. 
Thr  failure  (tf  n  l(*!is  to  form  a  t^ingle  focus  for  the  various  oom- 
poncnts  of  unhomogeneous  light  is  called  chromatic  aberration. 

When  white  light  from  an 
object  traverses  a  simple  con- 
verging lens,  Fig.  496,  there  will 
be  formed  a  series  of  colore*! 
images  of  different  sizes  at  dif- 
ferent distances  from  the  lens- 
the  })lue  image  being  nearest  the 
lens  and  consequently  smaDest, 
while  the  red  will  be  the  farthest 
from  the  lens  and  consequently 
the  largest.  The  addition  of  a  diverging  lens  would  cause  all  these 
images  to  retreut  from  the  lens,  the  blue  being  more  affected  than 
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tke  red.  If  the  diverging  lens  have  greater  dispersive  power  and 
mailer  refractive  power  than  the  ronverging  lens,  the  images  of 
•ome  two  different  colors  may  be  brought  into  coin<*idence.  By 
cementing  together  two  lenses  having  focal  lengths  in  the  same 
Atk)  as  the  dispersive  powers  of  the  materials  of  whirh  they  are 
Compoeed,  wc  shall  have  a  compound  lens  that  will  cause  the 
images  of  any  two  predetermined  colors  to  be  coincident  and  also 
of  the  same  size.     Thus,  in  Fig.  497,  if  the  converging  crown  glass-, 
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lens  alone  were  used  the  red  light  would  be  focalized  at  R,  the  blue 
would  be  focahzed  at  B,  and  liglit  (^f  other  coloi*s  at  internietliate 
points.  The  addition  of  a  diverging  lens  made  of  glass  having 
greater  dispersive  power  than  crown  glasM  will  cause  light  of  two 
colors, — say  red  and  blue,  to  come  to  a  common  focus  F.  A  lens 
cannot  be  made  that  will  bring  waves  of  all  lengths  to  the  same 
focus.  Rut  by  catining  the  bri^hteat  two  rolora  to  focalize  at  a 
single  point  the  i-olort-d  lx>rd(*r  alwnit  the  central  Itright  spot 
practically  eliminatetL  A  compountl 
common  point  light  of  two  wave- 
lengtlLS  iH  said  to  Iw  uchromaiic  Uiv 
the  two  aelectecl  wave-lengths. 

By  means  of  a  lens  of  tlirtn^ 
components  of  different  focal  lengths 
and  dispersive  powers,  it  is  possible 
to  cause  images  of  three  predeter- 
mined colors  to  coincide.  Such  a  lens 
is  said  to  be  "  apochromatic."  An 
aporhromatic  lens  used  in  three-color 

photography  is  illustnitx^d  in  Fig.  498.     This  system  couaiste  of  two 
compound  lenses  each  of  three  elements. 
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Partial  achromatism  can  be  obtained  by  the  use  of  two  Ipmcb 
of  the  same  kind  of  glass.  By  having  the  two  lenses  separated  by 
the  proper  distance,  light  (  f  various  wave-lenjrths  from  a  luiuiuous 
point  may  be  caused  to  emerge  in  rays  that  are  parallel  but  nol 
coincident,  Fig.  499.     Light  of  each  color  from  an  object  will  form 

a  separate  image.  These  separalt 
images  will  not  be  in  the  same 
place  and  they  will  nob  be  of  tb 
same  size.  But  when  the  leiues 
are  separated  by  a  certain  (It** 
tance,  all  of  the  images  will  s: 
tend  the  same  angle  at  an 
placed  in  front  of  the  combination.  The  sensation  produced^ 
will  be  practically  the  same  as  though  the  images  were  coi 
dent,  that  is,  an  thrmgli  the  ajTitems  were  achromatic.  It  can 
shown,  though  the  pmof  will  not  here  be  given,  that  the 
tion  for  this  partial  achromatism  is  that  the  distance  between 
component  lenses  shall  be 
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CHAPTER  XXVI 
SOME    OPTICAL    INSTRUMENTS 


§  1 .  The  Human  Eye 

418.  Structure    and    Function    of    the    Eye.^ — Optically,    the 

in  eye  consiata  of  an  aperture  P  (called  tho  i)uj>il)  In  a  dia- 

/  (calletl  the  iris),  a  lens  L,  and  a  screen  R  (callfHi  the 

lina).    These  parts  are  enclosed    in  a  nearly  spherical  opaque 

ivelope    S    pn)vided    with    a 

red   traiLsparent  rounti    win- 

C     The  corneal,  (\  and  also 

»etraasparrnt  gelatinoii.s  litiuida 

fhich  fill  the  space  bi^tween  the 

priioa    and    the    lens,  anti    the  t 

fkooe  between  the  lens  and  the  mK^^^H^^^^V  '  '  "^ 
jtina,  have  an  imiexof  refmetion 
•arly  t^ual  to  that  of  water. 
he  lens  has  ari  index  of  refrae- 
i>0  of  about  1.44. 
I  TVie  tw(j  prineiiml  points  of  the  human  eye  are  between  the 
<^nea  and  the  lens,  and  the  two  nodal  i>oinls  arc  within  the  lens, 
ftc  front  principal  focal  lenglii  iw  abont  1,5  em.,  and  the  rear 
jbicipal  focal  length  is  about  2.0  cm.  The  front  principal  focus 
te  about  1.28  em.  in  front  of  the  cornea. 

[  The  image  of  an  object  in  front  of  the  eye  is  formed  on  the 
pina.  Tlie  adjustment  of  the  human  eye  so  as  to  focalize  on  the 
lina  iinaK(?s  of  objects  at  diffennit  distance's  is  effected  principally 
^  an  involuntary  alteration  in  the  curvature  of  the  lens.  In 
hpliibia  and  snakes,  the  lens  is  moved  back  and  forth. 

One  sees  a  point  source  with  least  effort  when  the  rays  from  the 
lint  to  the  eye  are  nearly  parallel.     The  point  appears  to  be 
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must  distinct,  however,  when  distant  from  the  eye  about  10 
(25  cm.).  In  using  a  telescope,  the  instrument  is  focaiised  f 
most  easy  vision;  that  U,  the  (Lstuncc!  lx»twecn  the  lenses 
adjusted  till  the  emergent  rays  are  parallel.  In  using  a  microsfj 
however,  most  observers  focaUze  the  instrument  for  most  disli 
vision,  that  is,  till  the  rays  entering  the  eye  appear  to  come  fi 
an  object  about  10  in.  distant. 

Different  parts  of  the  retina  are  unequally  sensitive, 
most  sensitive  part  is  a  small  spot  of  a  diameter  tlrnt  subtends 
at  the  principal  point  of  emergence  of  the  lens  an  angle  of 
than  one  degree.     The  remainder  of  the  retina  is  so  much  1 
sensitive  than  this  spot  that  a  person  always  involunt-arily  mo^'w 
the  eye  into  such  a  position  that  the  retinal  image  is  formed 
this  area. 

The  eye  has  chromalic  and  all  (he  sjiherieal  alwrratioiLs  1o  a 
high  degree.  As  an  optical  instrument  it  is  poor.  But  the  powpis 
of  automatic  adjustment  of  the  focal  length  of  the  lens  and  of  the 
diameter  of  the  pupil  make  it  an  a<lnuruhle  sense  organ. 

Since  the  eye  comprises  a  single  lens,  and  real  images  are  formed 
on  the  retina,  these  images  are  inverted. 

419,  Ocular  Defects  and  their  Correction, — Light  from  a 
distant  object,  after  travei-sing  a  noruuil  eye  at  rest,  will  foraiau 
image  (jii  the  retina.  In  order  tliat  the  image  of  a  near  object 
may  be  on  the  retina  the  leiis  of  the  eye  must  be  made  more  c 
verging.  Thus  Ls  accomplished  by  tlie  eontmctiou  of  a  muecl 
about  the  edge  of  the  lens.  The  process  of  changing  the  focal 
length  of  tlic  lens  of  the  v.ye  is  called  accommodalion. 

The  accommodative  jwwer  of  the  eye  decreases  with  old 
Loss  of  aceoimuodative  [Kjwer  Ls  called  'presbyopia.  Good  Inuigtf 
of  distant  objects  are  produced  on  the  retina  of  a  presbyopic  eye 
But  vsince  the  focus  of  light  from  an  object  near  such  an  eye  will  be 
behind  the  retina,  it  follows  that  the  image  on  the  retina  of  a  near 
object  will  bt!  indistinct.  Tf>  produce  a  distinct  image  of  a  near 
object  the  focus  must  be  bro^ight  forward  to  the  retina.  This  b 
accomplished  by  spectacles  which  effect  the  proper  convergence  of 
the  light  entering  the  eye.  Since  the  presbyopic  eye  is  nearly 
devoid  of  accommodative  power,  spectacles  of  different   focal    I 
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length  would  Fw  rcquiird  if  equally  distinnt  images  were  required  of 
objects  at  different  distances  from  the  eye. 

An  e^'c  which  when  at  ra^t  converges  light  from  a  distant 
lK)int  to  a  focus  in  front  of  the  retina  is  siiid  to  be  myopic.  Since 
ehiirp  images  are  produ(;ed  on  the  retina  r.f  a  myopic  eye  by  light 
from  near  objects,  myopia  is  popularly  described  by  the  name 
near-sighted n4^-s,^.  Since  the  convexity  of  the  lens  of  the  eye  cannot 
be  diminished,  there  is  no 
internal  means  of  neutralizing 
myopia.  Myopia  is  corrected 
by  spectacles  having  diverg- 
ing lenses  of  such  cm-va- 
ture  that  jwirallel  light  after 
traversing  the  Hixvtat4e  lens 
and  the  eye  is  brought  to  a 
focus  on  the  retina.  Fig.  501 
is  a  photograph  of  a  certain 
object  as  it  would  appear  to 
a  person   who  is   somewhat 

myopic.     Fig.  502  is  a  photogiai>li  of  tjm  wmn!  object  as  it  would 
appear  to  the  same  person  through  the  pro(x^r  diverging  lens. 

An  eye  which  when  at 
r-('st  converges  light  from  a 
distant  point  "  to  a  focus 
i>ohind  the  retina  is  said  to  be 
hyjyerrnetropic  or  far-.sighled. 
By  accommodation,  such  an 
eye  will  focalize  light  from 
distant  objects  on  the  retina. 
But  to  bring  Ught  from  a  near 
object  to  a  focus  on  the 
retina  without  too  great  eye 
strain,  converging  spectacle 
lenses  must  be  employed.  Fig.  .503  is  a  photograph  of  a  certain 
object  as  it  would  appear  to  a  i>prson  who  is  somewhat  h>'per- 
metropic.  Fig.  504  is  a  photograph  of  the  same  object  ae  it 
would  appear  to  the  same  person  through  the  proper  converging 
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lens.  If  tlie  images  of  distant  objects  are  focalized  on 
without  Hccoininotlation  when  sj)eetacles  arc  iisetl,  then  bj 
aid  of  accommodation  objects  nearer  the  eye  con  be  seen.  * 
Tlie  faces  of  both  the  cornea  and  the  lens  of  a  nornial  ef 
spherical  surfaces.  In  many  eyes,  however,  the  curvatuf 
either  the  cornea  or  the  lens  is  not  the  same  in  different  meriij 
Witli  these  eye8,  the  image  of  a  point  source  is  a  line  and  i 
point.  That  Ls,  these  ej'cs  are  astigmatic.  The  astigniatii 
said  to  be  **  re^:ular  '*  when  the  meridians  of  gi-eatcst  and  of, 
curvature  are  at  right  angles  to  one  another.  An  eye  that  i^ 
ularly  astigmatic  caimot  focalize  at  the  same  time  lines  ^ 

object  that  are  at  right  a 
to  one  another.  Rfl| 
astigmatism  may  be  conj 
either  by  a  positive  i 
drical  lens  that  will  ind 
the  refraction  along  thij 
ridian  wliich  has  the 
curvature,  or  by  a  nctg 
cylindrical  lens  that  wj 
minL«?h  the  refraction  i 
the  meridian  of  gri 
eurvatui-e.  Fig.  505 
photograph  tff  a  certain  object  as  it  would  appear  t-o  a  perROfl 
is  somewhat  astigmatic.  It  will  be  noticed  that  horizontal  1 
lines  are  nan-ow  and  nebulous  a^  described  on  p.  547.  Fig.  5Q 
photograph  of  the  same  object  as  it  would  appear  to  the. 
pei-son  through  the  proper  cylindrical  lens  with  the 
cylindrical  focus  horizontal. 

If  the  meridians  of  greatest  and  of  least  curvature  an 
approximately  at  right  angles,  or  if  there  is  an  irregularity  i 
cur^-ature  along  some  one  meridian,  the  astigmatism  is  said 
"  irregular."     Usually  this  form  of  astigmatism  cannot  bl 
rected  by  leasts.  ij 

Wlien  an  astigmatic  eye  is  also  cither  near-eighted  a( 
sighted,  one  face  of  the  spectacle  lens  is  a  cylindrical  surfao 
the  other  face  is  a  spherical  surface. 
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Sometimos  when  tho  lens  of  the  oye  18  excessively  ronvex  or 

opaque,  it  is  removed.     It  is  then  necessar>'  to  use  spectacles  of 

'  iivejc  lenses.    As  such  an  eyo  is  incapable  of  iinj*^  accommodation, 

^^jx'ctacles  of  a  different  convexity  will  be  required  for  near  and  for 

di.statit  vision. 

420.  Visual  Acuity. — Two  point  sources  cannot  be  distin- 
g\iLsheil  us  sepjiratc  [Kjinls  if  the  angle  at  the  eye  between  line^  from 
the  point,s  Is  Ic-ss  than  alx>ut  one  nunute.  For  the  shape  of  an  object 
to  l>c  discerned,  the  object  must  subtend  at  the  eye  an  angle  of  not 
leflB  than  five  minuteis.  For  t<sling  vision,  test  cards  are  used  which 
have  hues  of  Icttcra  of  such  pizcs  that  at  various  distances,  the 
lett-ers  subtend  at  the  eye  an  angle  of  5'  and  the  tliickness  of  the 
strok(»  of  the  letters  subtends  an  aiij^le  of  I'.  For  inslanee,  a 
common  form  of  test  card  has  nine  lines  of  letters,  the  letters  of 
the  top  line  of  such  a  size  that  if  the  card  were  2(X)  ft.  from  an 
observer,  the  angle  subtc?ided  at  the  eye  by  the  height  of  a  letter 

'  would  l»e  5'.     The  letters  of  the  n^maining  Unes  are  of  such  heights 
that  each  would  subtend  the  same  angle  at  distances  of  100  ft., 
'  70  ft.,  50  ft.,  40  ft.,  30  ft.,  20  ft.,  15  ft.,  and  10  ft.  re^jH-ctiveiy. 

The  ratio  of  the  maximum  distance  at  which  an  ol>server  can 

wad  a  lino  of  lett<>rs,  to  the  nuLxiitium  distunee  at  which  a  normal 

hye  can  rea<I  tlie  same  letters,  is  called  the  obser\'<'r's  risunl  aatity, 

I  Visual  acuity  is  easily  measured  b>'  meatLS  of  a  tt»st  card  as  al>ove 

descrilxNj  at  a  known  ^eyi  distance  from  the  oljsen'cr.     Beginning 

at  the  top  of  the  card,  the  obs('rver  rcjids  the  leUc;rs  of  i;aeh  line 

until  a  line  is  reached  which  cannot  be  rejid.     Then,  the  observer's 

visual  acuity  equals  the  ratio  of  his  distance  from  the  card,  to 

the  distance  at  which  a  normal  eye  could  read  tlie  last  line  which 

the  observer  could  read.     For  example,  if  the  obsc^rver  when  20  ft. 

from  the  test  card  can  read  only  so  far  iis  the  line  which  a  normal 

eye  can  tx^ad  at  50  ft.,  the  observer's  visual  acuity  is  i%. 

421.  The  Numbering  of  Spectacle  Lenses.-  Since  a  convex 
lens  of  small  apertun^  converges  a  plane  wave  to  a  principal  foeus, 
the  lens  changes  the  4Mir\'ature  of  the  wave  from  zer*i  to  1  /,  where 
/denottw  the  principal  focal  length  of  the  lens.  Similarly,  a  con- 
cave Ions  of  small  aperture  imprints  on  the  wave  traversing  it  a 
curvature  of  1//.     And,  in  general,  we  see  from  (239)  that  the 
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aSBCi  of  A  ksiB  m  U>  inqvint  on  a  vbtp  Uavqaing  it  a  c^irr&tunr 
of  1  /.    Tbe  cause  of  this  dunge  m  corvatnre  is  the 
retardaticin  of  the  speed  of  light  vhov  the  ^ani  is  thick 
where  it  is  thin.     Since  this  retankliott  is  indepeDdent  of 
eorvature  of  the  ineiitent  wa\-e,  it  follows  that  if  the  corvatuni 
the  wave  refnains  eonstant  while  tiaTcniiig  the  lens,  the 
of  the  emerigeni  wave  alwa>*s  differs  from  the  corvatare  of  Unj 
cntnuit  wave  by  the  ooast&nt  anMxint  1  /. 

Spectacle  lenses  are  ao  thin  that  no  appreeiafaie  ermr  is 
ia  afwrninTng  that  the  ^  power  "  of  a  spectacle  lens  to  aher 
curvature  of  a  wave  Irant  eqoak  the  ieu|awal  of  the 
focal  length.    It  b  cnstonwiy  to  denote  the  "  pow«r  '^  of  a 
tade  letks  l^'  the  reciprocal  of  the  principal  focal  length 
inmeteia.    A  spectacle  Icna  of  one  meter  focal  length  iaaaid 
a  **  power  '*  of  one  dMiplcr.     A  lens  of  twv  mKaa  focal 
a''po«er"of  0.5<fiopter.    One  of  0.25  n»ter  focal  ki^th 
**  power  "  of  four  diopien. 

In  tbe  case  of  an  astigmatic  eye,  the  positaons  of  the  meridiaitf 
of  greatest  and  least  currature  are  described  in  terms  of  tbe 
an^es  they  make  with  the  honaontaL  Angles  aie  neacomi 
coonterelockwiae  from  the  right-hand  end  of  the  hartsMU] 
through  the  eye,  as  seen  by  a  person  looking  toward  the  eyei 

The  notation  used  to  >1er4-nbe  spectacle  knom  wiH  be 
trated  in  the  following  cM-uii  i>*  prpscrrptaons: 


O- D.  4^0.75  D.jpk. 
O.  5.+2.00  D.  tpiL 

TfaiB  means,  **  for  the  ri^t  esre  (ocahis  dexter)  a  pOBitire 
lens  of  0.73  diopter,  and  for  the  left  c^  (ocohis  anisler) 
itive  spherical  lens  of  2.00  dioptera." 


O.  S.-h2.25  D.  cy.  ax,  135* 


reads,  *^  for  the  right  eye  a  poeitire  cylindrical  lens  of  3*30  dnplers 
with  the  axis  at  45"*  from  the  boriaontal,  and  for  the  left  eve  a 


PHOTOGR.'VPHIC  CAMERA 

dtive  cylindrical  lens  of  2.25  diopters  with  the  axis  at  135°  from 
le  horisontal." 

O.D. -0,50  D.sph.  +  \.25D.  cy.  ax.    90* 
0.  5. +0.75  D.  sph.- i.OO  D.  cy,  ax.  165* 

m^ans,  "  for  the  right  eye  a  lens  that  Ls  equivalcMit  to  a  negative 
spherical  lens  of  0.50  diopter  in  combination  with  a  positive 
cj'lindrical  lens  of  L25  diopt-ers  with  the  axis  vertical,  and  for  the 
left  eye  a  lens  that  is  equivalent  to  a  positive  spherical  len.s  of 
0,75  diopter  in  combination  with  a  negative  t-ylindi'lcal  leus  of 
1.00  diopter  with  the  axis  at  165°  from  the  horizontal." 


§  2.  The  Camera 

422.  The  Photographic  Camera. — The  camera  consists  of 
a  box  having  in  one  end  an  aperture  covered  with  a  convcrginp 
Ipns,  and  in  the  opposite  end  a  device  for  hrtldinK  .i  scieen  sensitive 
*o  light.  The  distance  l>etween  the  lens  atid  the  jst^usitive  plate  is 
90  adjijistcd   that  after  traversing  the 

aperture  and  lens  the  light  from  an 
obje<!t  in-  front  of  the  cntiiera  prdciuces 
^  image  on  the  screen.  In  making 
this  adjustment  a  plate  of  ^romni  ^Xwss 
^  often  used.  V\l)cn  the  camera  is 
**  focused/'  that  is,  when  the  distance  Fio.  507. 

between  the  lens  and  the  ground  glass 

is  so  adjiist.ed  that  the  image  on  the  ground  glass  plate  is  sliarp, 
the  lens  is  covered  and  a  sennitive  photographic  plate  is  sub- 
stituted for  the  ground  gla-ss.  This  plate  is  now  "exposed"  by 
Uncovering  the  lens  fur  the  proper  interval  of  time,  and  then 
"  developed  "  and  "  fixed  "  by  immersion  in  certain  solutions. 

423.  The  Photographic  Objective. — Most  haninoiis  bodies 
emit  waves  of  difTerent  wave-length?.  The  wave-length  that  pro- 
duces the  sensation  called  yellow  affects  most  strongly  the  sensation 
of  sight,  whereas  t)int  which  produces  the  sensation  called  violet 
affects  most  strongly  the  usual  photogiaphic  plate.  When  the 
image  has  been  focalizftd  by  llie  eye  for  the  yellow  waves,  it  is 
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desirable  that  it  should  bo  in  focus  for  the  •violet  waves, 
quently,  a  t'nniem  Ions  should  have  the  same  focal  length  for>^'' 
and  for  violet ;  that  is,  should  be  without  chromatic  aberration  !o( 
waves  of  these  two  freqirenries. 

For  landscajxi  photogniphy,  a  single  crown-flint  glase  com- 
pound Ions  is  eoninionly  used.  Though  the  various  spheriml 
aberrations  are  pi-Cvsent,  they  will  not  be  obtrusive  if  the  objod 
does  not  contain  long  straight  lines,  l^hese  aberrations  can  be 
gi-eatly  reduced  by  diminishing  the  lens  aperture  by  means  of  4 
'*  stop."  The  use  of  a  small  af)erture  is,  however,  attended  by  the 
necessity  of  a  longer  exposure. 


f 


Fig.  508. 


Pio.  509. 


Fio.  510. 


For  a  short,  exposure  the  slop  must  1>b  large.  With  a  large 
stop  the  iniag<?  will  be  dlstorteii  and  une<|ually  sliarp  in  different 
parts  iml(*As  the  phatc)grai)}uc  objective  is  connected  for  spherical 
aberration.  The  various  spherical  aberrations  can  Ix^  reduced  to 
any  tlesired  dcgrei*.  by  the  use*  of  two  comixjund  lenses  separat^tl 
by  a  distance.  If  each  coniixjund  lens  is  corrected  for  chromatic 
aberration,  a  sj'stem  can  Ih*  constructed  that  will  l)e  con"e(»tc<i  for 
both  chromatic  and  sj^herica]  alx'rration.  Tliree  ni<Mlem  conT<'tt^ 
photographic  objectivWi  are  illustrated  in  Figs.  ,508,  509  and  510. 

V'arioiis  nani<^  are  given  to  photogi*aphic  objectivas.  depomi- 
inp,  upon  the  particular  property  which  is  tn  be  emphasized. 
The  term  "  achromatic  "  is  applied  to  a  lens  in  which  rhromati*' 
aberration  has  been  corrected  for  two  colors,  and  the  term 


term     apoj 


>matic  "  to  a  lens  correcletl  for  three  (jolors.     The  temw  "  rec- 
.ilinr>tir "    and   "  orthoscopic  "   si^ify    rrw<lom   from   distortion. 
A  lens  free  from  uetigmati»m  is  cuIUnI  a  "  stiguiat  "  (i.e.,  a  )xjiiit), 
**  anastigfiiat  "  (i.e.,  hack  a|i:iun  to  a  jxiint),  an  "  orthosti^nat  " 
,e,,  same  jwinl),  a  "  verastiffinat  *'  (i.e.,  true  point),  etc. 

A   lens  s>'steni   nearly   fn-e  of  !«)tli  ehroiuatir'.  and  sphnrieal 
•rration  is  termed  *'  aplanatic."     A  lens  that  includes  on  tlie 
ihotographio  plato  a  wide  angle  of  view  is  eallod  a  "  wide  angle  " 
:ns. 

424.  The  Teleobjectivc. — The  size   of  the  real  image  of  a 
tven  oltjert  iii  proportional  tf)  the  dittt^nce  Ix'twoen  t}»o  image 
.lid  the  einergtrnt  (equivalent  jMiint  of  the  lens.     With  a  converging 
lens  or  lens  system  at  a  fixed  distance  from  the  object,  this  di&- 
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ICC  inereiisos  with  Inerease  in  the  principid  focal  length  of  the 
lens  or  lens  system. 

Fig.  511  repit^ents  parallel  hght  from  a  distant  point  inci- 
dent on  a  positive  lens  of  principal  focal  length/i.  Suppose  that/i 
is  10  in.  The  image  will  l>e  nearly  10  in.  from  the  liack  face  of 
the  lens;  that  is.  the  back  focus  of  the  lens  is  nea,rly  10  in. 

By  replacing  this  lens  by  one  of  four  times  the  principal  focal 
length,  the  image  will  be  nearly  four  times  as  largo,  and  the  back 
focus  will  l>e  incn'A.^!d  in  the  same  proportion.  A  bellows  exten- 
Bion  of  40  in.  is  possible,  btit  not  convenient. 

If  a  n*'gative  lens  is  placed  Ix'twefui  the  lens  in  Fig.  511  and 
the  ground  glasM,  the  light  from  the  distant  point  A  will  proceed 
AA  indicated  in  Fig.  513.  It  will  be  obser\'ed  that  the  emergent 
equivalent  plane  of  the  combination  E,  is  at  a  considerable  dis- 
tance from  either  lens.     Tlie  principal  focal  length  /,  ifi  now  much 
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greater  than  the  back  focus  of  the  sj^st-em.  In  fact,  by  using  si 
negative  lens  of  one-third  the  principal  focal  length  of  the  positive 
lens,  unci  a  distance  between  the  lenses  of  7.(>(i  in.,  the  principil 
focal  length  of  the  nystcm  will  Iw  40  in.,  luul  the  back  focus  10  in. 


^5>;  F, 


Ki<i.  512. 

By  means  of  this  device  the  "  back  focus  "  can  be  kept  soiill 
and  still  tlie  imago  of  the  distimt  object  may  be  large.  By  altering 
the  distance  botwoeii  the  two  lenses,  the  principal  focal  length 
of  the  system  can  be  altered  {and  consequently  the  size  of  the 
image),  within  wide  limits.     This  proj^erty  is  applied  in  the  con- 
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struction  of  lolephotographic  objectives  for  taking  pictures  of 
distant   objecfy.     A   modern   tclephotngrapliic   objective  i^  illuP- 
trat-cd  in  Fi^.  513.     This  consists  of  a  corrected  objective,  shown 
to  the  left,  and  a  iliverging  lens  eomhinatimi,  shown  to  the  right. 
By  using  the  converging  cornponeiU  of  the  teleobjective  alone,  a 
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>aphic  nc^tive  could  be  i&kp.n  and  an  enlaigod  copy  of 
this  negative  could  be  made.  But  even  though  the  final  picture 
be  of  the  same  size  as  the  picture?  taken  at  onin;  by  inoarus  of  the 
t«liH)1>jec'tive,  it  would  be  decidedly  infenor  to  the  latter.  In 
enlarging  a  picture,  the  grain  of  the  negative  as  well  as  the  minute 
irn'gularities  of  texture  become  more  and  more  obtrusive  as  the 
magiufication  is  increased.  So  that  though  the  resolving  power  of 
the  teleobjective  is  no  gi'cater  than  that  of  the  converging  com- 
ponent, a  sharper  picture  of  a  distant  objeet  can  be  produced  by 
its  use. 

426.  Depth  of  Field. — Light  from  two  iKiint«  at  different 
distances  from  a  lens  will  form  images  that  are  at  different  dis- 
tanceis  from  the  lens.  That  is,  sharp  imiiges  of  points  at  <hfferent 
dlKtnnces  from  a  lens  will  not  be  formed  on  a  plane  perpencUcular 
to  the  principal  axis  of  the  lens.  But  in  most  ph<»tographir  work 
the  object  consists  of  parts  at  different  distances  from  the  lens, 
and  the  plate  receiving  the  image  is  plane.  This  rendition  can 
be  met  only  by  a  sacrifice  of  sharpness.  But  for  most  purposes 
nuixinium  filiarpness  is  not  re<4uiiT'd. 

Tl»e  image  of  a  luminous  point  at  Ai,  Fig,  514,  will  be  formed 
at  A' I,  On  a  screen  placed 
at  A\  there  will  appear  a 
flinall  and  distinct  dot  of  light . 
On  moving  the  screen  either 
lo  the  riglit  or  to  the  left»  the 
small  dot  will  fade  into  a 
larger  circle  of  light,  lx)undeil 
by  the  cone  of  rays  eonvei*g- 
ing  at  A'u    This  circle  is  called  the  '*  circle  of  confusion*" 

If  the  diameter  of  the  circle  of  confuHion  due  (o  each  point  of 
an  extended  object  be  not  greater  than  alx}ut  0.01  in.,  the  image  of 
tlie  object  wiU  l>e  sufficiently  sharp  for  most  purposes.  Hence, 
to  produce  a  satisfactory  picture,  the  scn*en  may  l>e  out.  of  the  focal 
plane  by  such  a  distance!  that  tlie  diameter  of  th<?  circle  of  confusion 
due  to  any  objcet  point  does  not  exceed  alx>ut  O.Ol  in. 

If  the  luminous  object  pf»int  be  movetl  to  ,-42,  the  image  will 
moi'c  lo  A'l'.     If  tlif'  flistance  xy  be  not  inorc  than  about  0.01  in. 
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the  image  formed  on  a  screen  at  xy,  of  objects  situated  anywhere 
between  Ai  and  A^,  will  I>«i  satifsfactorily  sharp.     The  quabty 
which  renders  sufficiently  shnrji  the  images  of  objects  situated  At 
different  distanrea  from  the  lens  in  ralUxi  depth  of  field,  or  depth 
focus^     It  depends  tipon  the  principal  focal  length  and  upon  the 
aperture  of  the  lens.     Willi  a  short  focus  lens  the  distance  A'lA's 
corre^ixjndfi  to  a  greaier  i*ange  of  ol»ject  distance  ^  wl2  than  with  a 
long  focus  lens,     Agjiin,  since  with  a  small  aperture  the  distAooe 
A'iJ'l'2  corresponding  to  a  fixed  diameter  of  circle  of  confusioaj 
xy  is  greater  than  for  the  same  lens  with  a  wider  aperture,  it  foUowa 
that  with  a  snuill  ajxTture  a  satisfactory  inwige  will  be  fonned  of 
objects  extending  through  a  greater  range  of  <listances  from  tiie 
lens  than  if  the  same  lens  were  used  with  a  larger  aperture. 

Any  lens  will  give  ilepth  of  field  if  useti  with  a  small  apertiire. 
Great  spe(»d  and  great  tleptli  of  field  cannot  be  obtained  at  the 
same  time. 

426.  The  Fixed  Focus  Camera.— In  1he  preceding  Article  it 
has  iicen  shown  that  by  moans  of  a  Ktoppeti  lens  of  short  focal 
lengtli  a  satisfactory*  image  can  l>e  obtained  of  a  lantlscajxi  or  other 
object  that  extends  through  a  cnnsidorable  range  along  the  lU'ds 
of  tlie  lens.  Thin  equality  is  utilized  in  the  design  of  **  universal 
or  "  fixed  focus  "  cameras;  that  is,  in  cameras  in  which  the  hiui 
focus  is  essentially  the  same  for  objiK^ts  extending  from  a  few  ftft 
from  the  lens  to  infinity. 

In  Fig.  515,  A'  is  the  image  of  the  luminous  i^oint  A^  and  Jy>s 

the  diameter  of  the  blurretl 
fff  image  of  a  luminous  point 

at  infinite  distance  from  tk 
lens,     li  xy  ho  not   more 
than   about   0.01    in.,  then 
the  images  of  all  points  from 
A  to  infinity  will  l>e  satifi- 
facton,'.     We  will  now  findj 
the  distance   AE\  beyond^ 
which  idl  jxiints  are  in  satift- 
\'.     This  distance  is  callc 


Fig.  515. 

factory  focus  on  the  scix^en  through 
the  "  hyperfocal  distance." 
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nd,  (233) 


the  triangles  HKF  and  xyF  are  similar, 

im  _EF_ 
xy      FA*' 


usini;  the  nutation  indicated  in  the  Bgure, 


Wc  shall  now  combine  these  two  equatioTi8  by  eliminating  r, 
fcnd,  solving  for  u,  find  the  distanee  beyond  whi<']i  all  points  are  in 
■atisfactory  focus.     From  the  above  equations, 


Dv-Df=df    or    *'  = 


f{d-\-D) 


D 


"   u-f         D      ' 

Clearing  of  fraetiona  and  solving  for  u,  we  find  the  distance  beyon<i 
**^hich  all  points  are  in  satisfactorj'  focus  to  be 


_(d±mj 


(240) 


ta  this  equation,  d  is  the  maximum  allowable  diameter  of  the 
ilurred  image  of  an  object  point  at  infinity^  D  is  the  diameter  of 
(he  aperture  of  the  lens,  and  /  is  the  principal  focal  length  of  {\\f 
Ibns. 

427.  Brightness  of  an  Image. — If  a  point  source  of  light  is 
diKtant  u  from  a  lens  having  an  aix*ii.ure  of  diameter  D,  there  will 
Oe  incident  upon  the  lens  a  quantity  of  light  which  varies  directl}- 
rith  tho  area  of  the  aperture  and  inversely  with  the  square  of  the 
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distance  between  the  lens  and  the  source.     Consequently, 
quantity  uf  liglit  iu  the  image  of  a  ])oiut  source  is 


in  which  fc'  is  a  constant  of  proportionality. 

If  the. source   be   an   object   of   uniform   intrinsic  brightnfw 
and  diameter  x,  the  quantity  of  Ught  incident  uix)n  the  lens  is 

feD2x2 


where  A:  depends  upon  the  intrinsic  brightness  of  the  object.  Sinc»^ 
this  light  is  spread  over  an  unage  of  diameter  y,  the  brightness  of 
the  image  of  the  extended  object  is 

Now  for  pencils  making  smaU  angles  with  the  principal  axis 

of  a  corrected  lens,  Fig.  51( 
the  ratio  of  the  size  of  tJtf 
object  to  tiie  size  of  the 
image  equals  the  ratio  of  the 
object  distance  to  the  ima^ 
distance. 
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That  is, 


y    p 


Wlicnce,  the  brightness  of  the  image  of  an  extended  source  is 

/     kD^ot^\     klPu^     .{DY  .....    1 

Tf  tho  object  be  at  a  great  ilistance  from  the  lens,  the  image  will 
be  near  the  principal  focus,  and  v  ne-arly  equal  to  /,     Under  ihiy 
condition,  the  brightness  of  the  image  of  an  extended  object       fl 
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428.  Diameter    of    Stop    and    Duration    of    Exposure. — The 

itity  which  expresses  the  brigiitness  of  the  iumge  (242)  is 

in  the  computation  of  the  ciuration  of  tlie  exposucc  retjuircd 

lib  stops  of  differcnt  diameters.     In  taking  a  photograph,  a  stop 

such  a  diameter  is  select*Mi  that  the  iiujige  wil!  show  the  required 

stoil  and  depth  of  field.     After  the  atop  has  l)cen  selected,  the 

[uircd  duration  of  exposure  must  be  determined.     The  proper 

ition  of  ex]X)sure  varies  invei'sely  with  the  brightness  of  the 

lage,  and  (242)  shows  tluit  lids  is  nicjisured  by  the  ratio  of  the 

tuare  of  the  diameter  of  the  stop  employed  to  the  square  of  the 

icipal  foeal  length  of  Uie  lens.     It  is  customar>'  to  have  for 

;h  photographic  objective  a  series  of  stops  marked  with  numbers 

rhich  exijress  the  rt^lative  durations  of  exposure  re(mired  when  the 

ious  stops  arc  used.     If  it  Ix*  desired  to  construct  a  series  of 

tope  wiUi  which  the  exposures  shall  be  in  the  ratio  1  :  2,  1  :  4, 

:  8,  etc.,  that  is,  with  which  the  brightness  of  the  image  shall  be 

the  ratio  I  :  §,  1  :  i,  1  :  J,  etc.,  the  procedure  will  be  as  follows. 

We  shall  assume  tliat  the  diameter  of  the  largest  stop  which 

be  used  is  one-fourth  the  principal  fo<ral  length  of  the  lens. 


for  this  stop,  -7-  =  7. 
^hioh  is  measured  bv 


Cons(i<juently,  the  briglttness  of  the  image, 


--,  ip  represented  by  .— . 


For  the  next 


or. 


0.65 


T\    2  1 

top  which  is  to  give  an  image  hidf  iis  bright.  -^  must  equal  ^. 

,  .      Z>2  1 

>c©e<Ung  in  like  manner,  the  table  on  the  following  page  was 
tructed. 

Most  makers  Itave  adopted  the  derijs  of  diameters  given  in 

le.  table,  and  mark  the  individuid  stops  wuth  the  numbers  given 

the  first  coliunn.     Few  lenses  cim  he  used  with  such  a  large 

!rture  as  the  fii-st  one  in  the  table.     But  in  using  several  lenses 

is  a  great  convenience  to  have  the  numlxsring  of  the  stops  start 

ith  a  dimneler,  wliieh,  for  each  lens,  is  the  same  fraction  of  the 

length.     In  this  case,  though  the  larger  apertures  in  the 

te  ftre  unavailable  for  use,  the  stops  that  can  hd  used  are  uum- 
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Diameter 
of  Stop. 

r 

(f)' 

Relative 

/ 
4 

1 

4 

1 
16 

1 

/ 
5.(>ij 

1 
5.6fi 

1 
32 

2 

/ 
S 

1 
8 

1 
64 

4 

-.h 

1 

n  3 

1 
128 

8 

L 

16 

I 

16 

1 

2m 

16 

/ 
22.0 

1 

22.0 

1 

512 

32 

/ 
32 

1 
32 

I 
1024 

64 

i/.i 

1 
45  2 

1 

■2048 

128 

k 

i 
64 

1 
4096 

256 

hcTvA  JLH  in  \\\v  first  roluinn.  It  j^houlil  l)r  ivnmrktyi,  howe>Tr. 
that  some  nmkcrs  coitstmrl  sericn  that  start,  with  ai)crtuivs  other 
liiaii  5/.  Tin?  nunilxjring  of  a  series  of  stops  in  tenns  of  di:m»etcis 
expressed  as  :l  friu'tiuii  of  tho  focal  lonp^th  of  the  lens  is  called  the 
f  system  of  miniFx'riiij;.  Phufs,  tlie  symbol  '*/•  32  *'  repri>seiits 
stop  of  a  diameter  one  thirty-setond  of  the  prinrifxil  focal  length 
the  lens. 

Stops  are  also  numbered  ao  as  to  indicate  the  relative  exposure! 
rotjuired,  that  is,  according  to  the  numbers  (pven  in  the  lost 
umn  of  the  table.  Tliis  Ls  called  the  '*  tmiform  s>'stera  '*  of  num-' 
Ixiring.  Thus  the  sytnlwl  "  u.  s.  64  "  reprejsents  a  stop  thai 
requires  64  timers  the  duration  of  exposure  that  woidd  be  required 
with  the  first  stop  of  the  series. 


GALILEO'S  TELESCOPE 


575 


§  3.  The  Telescope  and  the  Microscope 

429.  Galileo's  Telescope. — This  instrument  consists  of  a  con- 
urging  lens,  a  diverging  lens,  and  means  for  altering  their  dis- 

ice  apart.  Tlie  converging  lerw  is  directed  toward  the  object 
idor  observation  and  is  called  the  objective;    the  diverging  lens 

toward  the  eye  and  is  called  the  ocular.  In  Fig,  517  if  the 
Lr  were  not  present,  light  frotn  the  ohjeet  .4^  would  fonn 

inverted  real  image  at  .4ii?i.     If,  however,  a  diverging  lens  (2) 

introduced  between  this  image  and  the  objective  (1)^  the  light 
rricils  from  points  of  the  object  after  traversing  the  ocular  will 
►nverge  leas.     If  the  focal  length  of  the  negiitive  ocular  be  siif- 


f:  - 
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ficiently  short,  the  emergent  pencils  will  diverge  from  one  another. 
Tliat  is,  the  image  will  now  be  virtual.  By  producing  back  the 
emergent  rays  of  the  diagram  it  will  be  seen  that  the  image  is 
erect. 

For  most  easy  vision,  the  pencil^  emerging  from  the  ocular 
should  be  cylindrical.  This  result  is  accomplishes!  by  making  the 
distance  from  the  ocular  to  the  aerial  object  A]Bi  eqiiu!  to  the 
principal  fOcal  length  of  the  ocular.  If  the  object  be  at  a  great 
distance,  the  aerial  object  At  Hi  will  he  at  the  j)rincii«il  foirua  of  the 
objective.  The  ininxluction  of  the  negative  ocular  causes  the 
image  to  be  virtual.  If  the  object  be  at  infinity,  the  virtual  imago 
will  also  be  at  infinity.  The  virtual  image  is  erect.  The  length  of 
the  Galilean  telescope  equals  the  difference  of  the  principal  focid 
lengths  of  the  objective  and  ocular. 

Assuming  that  the  lenses  are  without  aberration,  ihe  magnifying 
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jKiwer  of  the  Oalilean  tclivscoiM'  niii  hi;  readily  obtjiincd. 
definition,  the  angular  magnifying  powrr  of  an  optical  sj^sttrn  is 
ratio  of  the  angl(»  subtended  at  tlie  eye  by  the  inmge  anfl  by 
object.     In  I  he  case  of  a  telescope,  the  distance  from  the  object 
the  eye  is  so  nearly  equal  to  Iho  ilistance  from  the  object  to 
objective  that  it  is  customary  to  call  the  magnifying  power  of  J 
telescope  the  ratio  of  the  angle  subtended  at  the  ere  by  theii 
to  the  angle  suhtendcd   at.  the  objective  by  the  object,    "ITw 
representing  the  principal  focal  lengths  of  the  objective  and  tfc 
ocular  by  /j   and  /a,  respectively,   tlie  magnifying  power  nf 
Galilean  telescope  focalized   for  most   easy  vision  on  a  disti 
object  is 

/2     ■      h_Jx 
h' 


tan 


tan 


h       u 


The  ordinar>^  opera  glass,  field  glass,  and  marine  glass  consi 
of  two  telescopes  of  this  type,  one  for  each  eye.  Since  CialilfO 
telescope  gives  erect  images,  is  comiMict  and  cheap,  it  is  w*- 


rr 
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suited  to  such  use.  The  serious  disadvantage  of  this  iiistrumeot 
is  its  very  small  field  of  view.  This  may  be  8c«n  fmm  Fig.  518, 
Since  the  cylindrical  pencils  emerging  from  the  ocular  diverge 
from  each  other,  the  pupil  of  an  eye  in  fnint  of  the  ocular  will 
exclude  all  the  light  except  that  included  witliin  the  smaU  angle  3- 
lliat  is,  liglit,  fnim  any  |Kjint  outsidt;  of  tliis  angle,  after  cjuergiug 
from  the  ocular,  will  not  enter  the  pupil  of  the  eye.  The  ocular 
should  have  a  fm'al  length  not  much  shorter  than  the  focnl  leogtli 
of  the  eye.  The  greater  the  magnif\ing  power  of  the  ocular,  the 
smaller  the  field  of  view.  Since  the  liglit  from  different  poinU 
of  the  object  on  emerging  from  the  ocular  is  strongly  divergei 
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the  eye  is  not  placed  close  to  the  ocular  the  field  of  view  will  be 
farther  diniinislied.  It  is  imnrccspary  to  have  the  ocular  much 
larger  in  diameter  tliaii  the  pupil  of  the  eye. 

430.  The  Simple  Astronomical  Telescope.-  In  its  simplt'st 
fonu,  this  telescope  consist*  of  two  comergiiip  leiit^es  niounte<i 
in  opixjsitc  ends  of  a  tulx^  of  twljustahle  kii|j;th.  Tlie  lens  directed 
toward  the  object  under  observation  is  called  the  objective;  the 
lens  toward  the  eye  is  called  the  ocular.  In  Fij?.  519,  light  from 
a  distAHC  object,  after  traversing  the  objective  (1),  fomis  an 
bvprt«d  real  image  AiHi,  If  the  positive  ocular  (2)  be  placed 
a  dist.ance  equal  1o  its  prinfipiil  focal  Icnj^lh  to  the  right  of  this 
the  pencils  emerging  from  thf^  ocular  will  be  cylijidrieal 
and  will  converge  toward  each  other.  Aji  eye  placed  in  front  of 
le  ocular  will  see  an  inverted  iuiuKc  tii  infinity. 
If  the  objective  and  ocular  U'  without  s[)hcrical  abeiration,  the 
tnajyiifyixig  power  of  a  simple  astronomical  telesco|)e  focalized  for 
the  most  easy  vision  of  a  distant  object  will  be 
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That  is,  the  mngnifyinp;  power  of  this  instrument  varies  directly 
Us  the  principal  foc:d  length  of  the  objective,  and  inversely  as 
the  principal  fociil  length  of  the  eyepiece.  The  principal  focal 
length  of  the  40-inch  objective  of  the  great  Yerkes  telescope  is 
62  ft.  By  the  use  of  eyepieces  of  various  focal  lengilis,  thi;  mag- 
uifying  power  of  a  tele- 
scope may  be  changed 
within  wide  limits. 

For  tlje  semi-angle  A 
between  the  axes  of  the 
ertrenie  |>encils  that  enter 

the  eye,  Fig.  519,  the  total  pj^  ^^^ 

semi-angular  field  of  view 

of  the  simple  astronomical  telescope  is  represented  by  the  angle  5. 
This  angle  depends  u]>on  the  diameter  of  the  second  lens,  the  die- 
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tanoc  betwpcn  the  two  lenses,  and  the  angle  between  the  axes  of 
the  extreme  pencils  which,  entering  the  eye,  will  produce  distinct 
vision. 

In  using  the  telescope,  the  pupil  of  the  eye  should  be  placed 
in  front  of  the  ocular  where  the  pencils  emerging  from  the  ocular 
cross  the  axis  of  the  instrument.  This  ]>lacc  is  usually  indicated 
by  a  diaphiajrm  containing  a  small  aperture  not  much  larger 
the  pui>il  of  the  eye. 


520, 


431.  The  Use  of  a  Telescope  for  Statins. — In  surveying  and  in  a 
variety  of  a^lrononiical  and  phy5ucal  di'terminations,  anfcles  are  meainired 
by  the  aid  of  tohwroiics.  SupjKww  the  angle  AT)',  Fig.  520.  vs  required. 
If  a  telescope  plaied  iil  C  \s  pointed  toward  the  object  A',  an  tiua^e  will  be 
formed  at  rumw  |mmt  in  the  foeal  plane  of  the  obje<».tive.  If  the  telesn^pebe 
rotated  ubtiut  an  slx'if  throujil)  C  till  light  from  }'  forms  an  image  at  the  sainr 
point,  the  angle  through  whirh  the  telescope  has  been  turned  equals  tlw 

angle  XCY.  'JTiia  method  requinw  « 
auit&bte  circular  f*rale  attached  to  the 
telescope,  and  also  a  fixed  point  in  the 
focal  plane  whii-h  can  be  caui*ed  to  coin- 
cide in  succession  with  the  images  of  .Y 
and  )'.  The  fixed  point  in  the  focal  plan* 
usually  consists  of  the  point  of  intemec- 
tion  of  two  very  fine  wires  or  fiber* 
placed  in  the  focal  plane  of  the  ocubr. 
When  the  ocular  is  moved  till  the  aves- 
aro  in  the  piano  of  the  image,  the  eye  will  see  the  croBe-wirw  an*! 
the  image  of  the  di.itAnl  object  coincident.  This  condition  is  attained  by 
moving  the  eyepiece  back  and  forth  till  a  position  Is  found  such  that  when  Ibe 
eye  is  moved  slightly  from  one  side  to  the  other  there  will  be  no  displacement 
of  the  imago  rnlative  to  the  cro*w-wircs. 

Small  angular  displacenieiiU  of  a  body  are  frequently  determined  by 
means  of  the  "  Telescope  and  Scale  Method."  Suppose  it  is  required  to  meaewt 
the  deflection  or  tuigutar  displacement  of  a  small  magnetic  needle  produccrt 
by  an  eJectric  currt?nt  in  a  neighboring  wire.  The  aiiglc  6  between  the  fa^ 
position  us,  Fig.  521,  and  the  second  position  n's'  is  the  angle  required.  A 
small  mirror  is  attached  to  the  magnetic  needle,  and  the  image  of  a  stationafy 
scale  O'O"  reflw^ted  by  the  moving  mirror  Ls  observed  with  a  telescflpe.  Sup- 
pose that  when  the  magnet  is  in  the  position  «jj,  the  point  O  of  the  scale  * 
Bpen  on  the  cross-hairs  of  the  telescope,  and  that  when  the  magnet  v  inlho 
position  u's'  the  point  O'  is  seen  on  the  cross-wires.  When  the  mirror  i^ 
turned  through  the  angle  6,  the  normal  to  the  mirror  has  moved  through  iIk 
same  angle.    And  since  the  angle  of  reflection  equals  the  angle  of  incidence. 
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ibe  anKl<>  CyCO  equals  29.     Denoting  the  distance  of  the  scale  from  the  mirror 
hy  L  and  the  Unc&r  deflection  OO'  by  x  wc  have 

Fnam  this  we  can  easily  obtain  the  <teflp<"tion  Q. 

It  abould  be  kept  tn  mind  that  cross-wirea  coincide  in  position  with  A  real 


Fio.  R2I. 

If  the  instrument  has  no  real  iituiKf?,  cross-wires  arc  useless. 
this  rroison.  Clalitec's  telcH(!<>]M}  cannot  t>c  used  for  fiifchting. 


For 
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432.  Telescope  Objectives. — The  function  of  IIil'  objective 
of  an  optical  instrument  is  to  collect  a  large  amount  of  light 
emanating  from  the  object  under  observa,ti(Hi  am!  conceulrate 
it  into  a  real  image  (as  in  the  a.stronomical  tck\sco|ie),  or  into  an 
aerial  object  (as  in  the  Giililean  telescope).  By  means  of  an 
objective  of  large  aperture,  stars  can  bo  perceived  that  are  invisible 
to  the  tuiked  eye.  The  great  light-gathei-ing  [xjwer  of  the  principal 
Yerkea  telescope  is  due  to  the  great  diameter  of  the  objective. 
This  is  an  achromatic  doublet  40  in.  in  diameter.  It  cost  SG6,000. 
The  remainder  of  the  telescope  cost  $55,0O(K 

In  the  case  of  a  telescope,  the  pencils  from  a  point  under 
observation  are  incident  on  the  objective  so  nearly  axially  that 
the  distortion  produced  by  the  objective  is  very  small.  The 
remaining  spherical  aberrations  are  kept  low  by  giving  the  outer 
faces  of  the  objective  proper  curvatures.  The  chromatic  aberra- 
tion is  reduced  by  forming  the  objective  of  two  lenses  of  difTemnt 
refractive  indices  and  cur\^atures.  An  objective  usually  consists 
of  a  convex  lens  of  crown  glass  and  a  concave  lens  of  flint  glass. 
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In  order  that  the  light  incident  centrally  on  the  first  eom|)ODenf 
lens  may  be  incident  centrally  on  the  second  connponent  also,  the 
two  components  must  be  close  together.  In  small  t-elesoopes  iheyl 
are  usually  cemented  together  so  as  to  constitute  a  single  compound 
lens. 

433.  Oculars  or  Eyepieces. — The  purpose  of  the  ocular  of 
eyepiece  of  an  optical  instrument  is  to  inagnifj'  the  imagp  formed 
by  the  light  that  hus  IraviTscd  the  objective.  Since  the  pencils 
incident  on  the  <xnilar  are  oblique  and  exccntric,  the  errors  du€to 
Spherical  aberration  are  niiirh  greater  than  they  are  for  the  objcc* 
live.  Tht!  dcft^cts  arc'  ix-^IucihI  to  a  niinijiiuni  by  employing  P»cb 
lenses  that  the  bending  shall  be  as  small  as  possible  at  each  surfBCC. 
The  bending  at  ojich  rcfrticting  surface  is  re<luc^  to  a  minixnuro, 
(a)  by  incre,'ising  the  nurnlxn-  of  rt^fmcting  surfaces;  (6)  by  caiising 
the  bending  at  eacli  surface  to  Ije  the  =ianje;  {cf  by  a  proper  «'leo- 
tion  of  the  curvatures  of  the  refracting  surfaces. 

For  most  purjx>st»ti,  two  lenses  in  the  ocular  arc  suificient  to 
make  the  bending  at  each  surface  small  enougji  to  reduce  the 
spherical  ai»errations  of  the  ocular  to  a  pro])er  amount.  In  the 
ca.se  of  two  lenses  of  given  cu^^'at.u^e8,  and  of  principal  foi-al 
lengths^ /i  and /o,  respectively,  it  can  be  shown  that  the  condition 
for  etjual  deviation  of  inei*lent  rays  parallel  to  the  principal  axi:* 
is  that  the  lenses  shall  1-m*  separated  by  the  distance 

For  a  system  of  two  given  lenses  made  of  t  he  siime  kiml  of  glass, 
and  of  principal  focal  leiigtlis  /i  and  /a,  i-esixictively,  it  can  be 
shown  that  there  will  be  mininiun*  chromatic  al>erration  when  the 
combination  is  convergent,  antl  the  component  lenses  are  separated 
by  the  distance 

^=i(/]+/a) (2+t) 

The  lens  of  the  ocular  towanl  the  eye  is  calUxl  the  eye  i^^* 
till'  one  toward  thn  objective  is  called  t\w  fitid  lefts. 

434.  The  Huyghens  Eyepiece.-  This  eyepiece  is  a  combina- 
tion of  two  lenses  of  the  same  kind  r»f  glass  designed  t-o  reduce  t-oa 
minimum  the  effects  of  fiphericul  and  chromatic  alxirrations.    I* 
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the  TOnclition  of  niinimum  spherical  alxjrration  (243)  be  combined 
^th  the  condition  of  minimum  chromatic  aberration  (244),  then, 
for  a  Hvstem  of  two  leiii*es  made  of  llxe  same  kind  of  glass,  we  have 


Whence, 


/l=3/2. 


Consequently,  for  axial  liRht  ponciln,  the  principal  focal  lenjfth 
of  the  field  lens  should  be  thi'ce  times  that  of  the  eye  lens,  and  the 
two  lensf-s  should  lie  sepaiate<l  by  a  distance  ec)ual  to  the  ntean 
of  their  principal  focal  lengths. 

This  particular  two-lens  combination  was  dc\Tsod  b\'  Hu\ji:hcn8 
and  is  called  the  Huyghens  Eyepiece  or  HuyghcMicn  Ocular.  The 
component  lenses  are  usually  convexo-plane,  tliat  is,  the  convex 
surfaces  are  toward  the  incident  light,  Figs.  522  and  523. 


Fio.  522. 


FiQ,  523. 


Besides  this  combination  of  two  lenses  of  principal  focal  lengths 
in  the  ratio  3  to  I,  Huyghens  also  used  a  combination  of  two  lenses 
of  principal  focal  lengtJus  in  the  ratio  of  2  :  1. 

We  stmll  now  detrrniiiM'  tlie  tlistjinw  whirh  t!ie  fnA<\  lens  of  a  IhiyghenB 
3  :  I  eyepiece  miiKt  l>n  from  an  aerial  iibjort  in  orrlpr  that  cmprgi'nt  rays  may 
he  parallel.  In  order  that  lifchl  tnufrgitut  from  the  e>((  leiw  tnuy  in*,  pantllnl, 
there  mu«t  be  a  real  image  to  the  left  at  a  distant  equal  to  the  prinrifKil  f  cal 
length  of  tho  pyp  !cns.  And  hi  order  that  a  real  image  inay  Iw  formed  at  this 
place,  the  field  lens  must  be  in  a  certain  position  relative  to  the  aerial  object 
due  to  the  objective  (objccttw  not  shown  in  the  6gure)  that  will  now  bo 
detennmcd. 

Since  for  the  Huyghens  eyepiece  of  this  type 

3/„ 
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Consequently,  the  field  \vn»  must  be  placed  between  the  objective  and  the 
Herial  tibjet^t  dm*  U>  light  that  has  traversed  the  objective,  and  at  a  distance 
from  the  aerial  object  equal  to  half  the  principal  focal  length  of  the  field  lens. 

The  aoriiil  tibject  will  be  curvtHl  and  the  peripheral  |^>rtion5 
less  magnified  than  the  central  portion  (Arts.  413  and  414).  The 
eye  lens  will  prtKluce  a  curvature  in  the  oppoetite  direction.  The 
eye  lens  will  produce  a  p^eater  magnification  of  the  peripheral  por- 
tions of  the  image  than  of  the  central  portions.  Conse(iuently. 
the  image  seen  by  the  eye  will  be  nearly  free  of  distortion  and 
our\'ature.  The  spherical  aben-atiun  can  be  further  reduced  b]^ 
using  for  the  eye  lens  a  "  crossed  lens  "  (Art.  416),  and  for  thiw 
field  leua  a  couvexo-coucave  lens  having  radJ  of  curvature  in  the 
ratio  4:11. 

If  cross-wires  were  placed  in  the  image  within  the  Huygh 
eyepiece,  li^^ht  from  them  would  traverse  but  one  lens.  The 
of  the  cross-wires  seen  by  the  eye  would  Ix?  distorted,  and  the 
greater  the  magnification  of  the  eye  lens,  the  greater  the  di^ 
tortion.  Since  the  final  imago  of  the  object  and  the  image  of  the 
cross-WTTCs  arc  unequally  distorted,  cross-wires  are  not  employed 
in  the  Huyghens  eyepiece  except  when  the  magnification  is  low. 

By  the  graphical  method  used  in  the  solution  of  the  problem  on 


imafll^ 
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i3,  it  can  be  showna  that  in  the  case  of  a  Q^stem  of  two  lenses, 
\e  principal  fociis  of  tKe  lens  upon  which  the  liRht  is  first 
lent  lies  between  the  principal  focus  and  the  fii-st  equivalent 
it  of  the  other  lens,  then  the  system  is  negative.  Otherwise 
t  is  not.     The  Huytfhens  eyopiwe  is  negative. 

435.  The  Ramsden  Eyepiece. — For  measuring  angles  or 
distances,  the  cross-wires  or  scale  must  be  placed  in  the  real 
imaf^  of  the  object  under  observation,  and  any  slight  distortion 
produced  by  an  observing  eyepiece  must  affect  in  the  same  way 
4ay  subsequent  images  of  both  the  cross-wires  and  the  original 
in»ge  of  the  object.  Ramsdon's  eyepiece  was  designed  with 
especial  regaixi  to  these  requirements.  It  consists  of  two  con- 
verging lenses  of  equal  focal  length  placed  beyond  the  image 
fomied  by  hght  that  has  traversed  an  objective  lens. 


^ 


Yw.  524, 
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For  minimum  chrf>matic  aberration  of  two  simple  converging 
lenses  of  the  same  material,  the  distanto  t^ctwecn  them  should 
be,  (244),  x=^(/i-f/2).  Or,  in  the  case  of  the  Ramsden  combina- 
tion, the  distance  between  the  two  e(|ual  components  should  be 
equal  to  the  focal  Icngtii  of  one  of  them.  If  this  separation  were 
made,  then  the  field  lens  would  be  in  the  principal  focal  plane 
of  the  eye  lens  and  tht*  field  lens  would  coincide  with  the  uuage 
to  be  magnifiwl.  Such  aa  arjangement  would  have  the  fault  tliat 
dust  or  spots  on  the  field  lens  would  show  in  the  field  of  view.  To 
obviate  this  fault,  the  <listance  lK^twe(m  the  two  lenses  is  made  leas 
than  required  to  make  the  chromatic  alxTration  a  njinimmn.  The 
.separation  is  usually  made  two-thirds  the  princii>al  focal  length  of 
one  of  the  lenses.  With  simple  lenses  the  departure  from  achrom- 
atism will  Ik:  slight.  If  l^etter  achromatism  is  retjuired,  each 
Jens  may  be   composed  of  a  flint-crown-glass  combination   as 
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describixl  in  Art.  417.    The  defects  of  spherical  aberration 
made  small  by  a  proper  selection  of  the  radii  of  curvature  of  tt 
lena  faces. 

Usually,  the  lenses  are  simple  plano-convex,  with  the  cur 
surfaces  toward  one  another.  Lif^ht  from  some  point  of  an  obj 
after  traversing  an  objective  not  shown  in  the  figure,  will  convi 
to  a  real  image  A,  Fig.  524.  After  traversing  the  field  lena 
the  light  will  diverge  as  though  it  came  from  a  virtual  image  .4'j 
The  Ramsden  eyepiece  is  positive. 

For  niost  easy  vision,  light  from  n  point  source  j^houM  emerge  from  it*" 
eye  IcnA  in  a  parallel  peneil.  In  order  thiit  light  froni  a  point  source  stull 
emerge  frcuu  the  eye  leria  in  a  parallel  ix'iicil,  Ihe  first  equivalent  plane  of  ll>^ 
field  lens  nuist  l>e  (liHtnnt  from  the  iiiKig*'  -t  hy  n  definite  amount  which  now  ftill 
be  determined. 

With  reference  to  the  field  lens,  (I)  Fig.  524,  A  is  the  source  and  A'  'ttti» 
image.     From  (234), 


Now  from  tlie  figure, 


UK  I     o  K\    J\ 
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But  when  light  fnini  a  [>oint  source  emerges  from   the  eye  lena  in  a  parallel 
peneil, 

And  since  the  distance  between  the  leusesi 


it  follows  that 


B'Ey\^B'E't-RxE't]=ft 


3  ~3' 


On  subetituting  this  value  in  (245),  and  rrniembering  that  /i  b/,^  y^^ 


Whence, 


I 
BE'i 

BE'i^' 
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Consequently,  the  field  lens  of  a  Ramaden  eyepiece  is  placed  at  a 
equal  to  one-fourth  f>f  its  own  focal  length  beyond  the  image  of  the  obji 
formed  by  light  that  has  traversed  the  objective. 


THE  FREOTI?fG  EYEPIECE 

436.  The  Erecting  Eyepiece,— If  lip;ht  from  an  object  passes 
through  an  objective  and  then  thixiugh  a  simple  converging  eye- 
piece^  a  Huygheiis  eyepiece  or  a  lianiatkn  eyepiece,  the  iuiage 


Fio.  526. 

which  is  formed  is  inverted.  For  an  astronomical  telescope  or  a 
niicroecope  this  leads  to  no  inconvenience.  But  for  a  telescope 
used  to  view  terrestrial  ()l>jec.t^  we  rt^quirc  an  eyepiece  that  will 
give  an  erect  image. 


K 
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A  single  converging  lens  placed  between  the  obje<!tive  and  any 
one  of  the  eyepieces  mentioned  above  will  erect  the  Image.  By 
using  two  lenses,  however,  the  refraction  at  any  surface  may  be 


Fio.  828, 


kept  low,  and  consequently  the  spherical  aberration  (Art.  416). 


A  common  fonn  of  erectmg  eyepiece  consiHts  of  (uther  a  Huyghens 
or  a  Itamsden  eyepiece  to  which  has  been  added  two  converging 
lenses  of  equal  focal  lengt.h  sei>arated  by  any  convenient  distance. 
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four  lenses  are  fitted  into  a  tube  and  constitute  a  i^ing\o.  unit. 

arrangement  of  the  lenses  is  shown  in  Fig.  526.     A^B*  repre- 

its  the  inverted  image  of  the  oliject  produce!  by  light  that  has 

fcversed  the  objective,  not  shown  in  the  figure.  (2)  and  (3)  are 

tw^o  lenses  of  equal  principal  focal  length  a<lde<i  to  a  Huyghena 

(piece  (4)-(5). 

If  A'B'  is  in  the  focal  plane  of  Ions  (2),  then  the  light  whicli 
[verges  from  any  point  of  A'B'  will  be  rendered  parallel  by  (2). 
id   after  traversing   (3)    will  agani   fonverge.     if  the   lens   (4) 
tre  not  in  the  way  there  would  then  be  formed  another  image 
fi"  of  the  same  size  as  A'B*  l>nt  right  side  up.     But  l«iforc 
hing  .4  "5"  the  light  passes  through  (4)  and  is  focalized  at 

An  erecting  eyepiece  lyjnyisting  of  a  pair  of  erecting  lenses  and 
Huyghenien  ocular  is  sliown  in  Fig. 
A  reading  telescope  with  an  eye- 
Ipieoe  consisting  of  a  pair  of  erecting 
J  added  to  a  Rarasden  ocular  is 
shown  in  Fig.  52S. 

437,  Ray  Diagrams  of  the  Ordinary 
Types  of  Telescopes. — The  paths  of 
light  through  telescopes  with  the  eye- 
pieces aln»ady  described  are  indicated 
in  the  diagrams  in  the  opposite  pa^. 
In  these  diagrams,  the  principal  focal 
length  of  the  objective  is  the  same  in 
all  cases.  Each  instrument  is  focalized 
for  most  easy  vision  for  objects  at  a 
great  distance.  It  is  left  as  an  exercise 
for  the  student  to  compute  the  lengths 
of  the  various  telescopes  in  terms  of 
the  principal  focal  lengths  of  the  lenses 
employed. 

438.  The  Prism  Binocular. — For  viewing  1^'^-  ^^S. 

distant  objects  in  their  proper  relations,  the 

ordinary  field  glas«.   Fig.  517   ha«  the  advantage  of  coinpactneas,  but  the 
serious  disadvantage  of  a  Umited  field  of  view.    The  astronomical  and  the 


Fig.  534. 
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terrestrial  telesoopea  have  a  aatigfaclorj*  ficW  of  view;   but  those  inatnm 
are  too  long  for  convenient  use  in  tho  field.     In  the  priam  binocular,  Fig. 
wc  have   (he  same   objective  and  eyepiece   that  give  the  longer 
their  wide  field  of  view.     By  bending  tlie  i>ath  of  light  twice  back  Uf 
the  length  of  (he  instniment  w  reduetnl  lo  about  one-third. 

The  refl^M'tions  are  |>rodueed   by  two  totally  reflecting  prisnis  P\  wd 
Tl»c  prism  P|  inverts  the  image,  i.e.,  reverses  top  and  bottimi,  leaving  the 
and  left  aspects  unchangctl.      IIjc  prism  P2  pervertij  the  image.  Ic  i 
changes  the  right  and  left  sides.     Thus,  by  means  of  these  multiple  refi«ctMOi»| 
the  image  has  the  same  aspect  as  the  object. 

439.  The  Periscope. — The  periscope  is  essentially  a  telescope  bent  in  tm\ 
right  angles,  with  the  objective  end  cApaU?  ti\ 
rotation  so  that  all  parts  of  the  horizon  no  b«i 
viewed  without  rluingc  of  positirm  of  the  ohMPTTff. 
By  nuyiua  of  a  periwcope  au  officer  in  a  subnuinnfl 
can  view  objects  above  the  stuface  of  the  sea  wba] 
all  of  the  vessel  is  submerged  except  the  end  ul  w 
inconspicuous  tube.  Also,  by  its  aid  an  offircr  i« 
a  gim  platform  of  a  bidden  battery  can  view  dt&tAnt^ 
object*  on  the  other  side  of  a  liill  or  protcftingi 
shield.  One  form  of  periscope  is  diagrammed  in 
Fig.  536.  This  consists  of  an  objective  0  and  tyt' 
piece  E  in  combination  with  a  90°  totally  rc6ectiii|; 
prism  Pt,  an  erecting  prism  Pt  and  an  .^mif 
totally  reflecting  prism  Pi.  The  upper  end  cf  the 
instrument  is  capable  of  rotation  aliout  a  verlicnl 
axis  so  thai   objects  at   different  positions  on  thr 

horixon  can  bo  brought  into  the  field  of  view. 

The  panoramic  gun  sights  used  on  artillery  are  similar  to  this  form  of  peri- 
BCope. 

440.  The  Coincidence  Range  Finder. — In  miUtjiry  opemiions  it  is  oerrflU? 
~ik,^)hi  to  detcriiiine  <iuickly  the  distaiict?  of  objects  from  the  obarrvfTr 

The  Usual  riipt¥*d8  for  determining  mnges  depend  upon  the  fact  thiit  if 
two  angles  and  <"*'  ^^^^  f*f  »  triangle  are  known,  the  other  sides  can  be  cm- 
puted.  In  f.'ig  ^JiL-o^ppose  that  two  telescopes  provided  with  grBduitixl 
horizontal  rirc(ee.  and  sen*'^*'^**'*^  ^^  ^  known  distance  BC,  are  pointed  tavnP^ 
an  object  A.  By  means  r/  **"'  graduated  circles  the  angles  ^  and  or  can  I* 
measured.  Thon  the  dii**  ^^'^  ^  '^  "^  ^'^  "^"  ***"  computed.  The  precisiuft 
of  this  so-called  "triangul'**^"  nielh(»d"  det>enfls  ufwn  the  length  of  thelm* 
line  and  the  accuraey  ofi  *'**^  angular  measurements.     When  the  obweniw? 


station   is   permanent, 
are  provide*!  wifl,  large, 
tionsat  the  ends  of  a  U^h, 
For  Djobiiv  iund  oper 


4, 


m  the  case  of  a  ci>afit  fortress,  the  two  telcseopff 
ular  scales  and  are  mounted  on  masonry  foundn- 
line  .s<'veral  rods  in  length. 
inns,  a  portable  instrument  depending  upon  the 
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le  principle  haa  been  devised  in  which  the  base  line  is  but  one  meter,  and 
tc^  requires  but  one  observer.  In  the  diagrammatic  representation  of  the 
:icipal  parts  of  the  optical  system  of  this  coincidence  range  finder,  Fig.  538, 
and  3f  2  represent  two  reflectors,  one  at  each  end  of  a  tube  containing  the 
ical  system.  Light  from  a  distant  object,  after  reflection  from  Mi  and 
,  traverses  the  objectives  Oi  and  Oj  respectively.  By  means  of  two 
litional  reflectors,  M'l  and  M't,  light  from  the  two  objectives  is  bent  so 
t  the  two  images  of  the  object  are  in  the  focal  plane  of  a  single  eyepiece  E. 
08,  the  instrument  consists  essentially  of  two  telescopes  having  a  single 
piece. 

The  parts  are  ao  arranged  that  light  incident  in  a  direction  perpendicular 
the  optic  axis  of  the  instrument  meets  the  ocular  reflectors  at  their  line  of 


for 


In  the  center  of  the  Add  of  view  of  the  eye- 
makes  an  angle  6  with  the  perpendicular  to 
,  after  reflection  fnim  the  end  reflectors, 
the  same  angle  8,  and  will  form  an  image  in 
side  of  the  center. 

pvould  be  dircctwl  toward  the  object  whost* 
the  eyepiece  one  finds  the  field  of  viev. 
per  half  of  the  field  of  view  is  an  image  duo 
right  end  of  the  instrument,  and  in  th 
light  that  haa  traversed  the  left  cod.    If 
..ihitc  distance,  the  angles  <t>  and  a  would  each  be  r 
o  images  would  be  exactly  in  line,  one  above  the  other, 
^ject,  one  of  these  angles  rauflt  be  less  than  a  right  angle 
t  and  the  image  /i  will  be  to  one  aide  of  /:.     If  the  reflector 
no    fluted  through  an  angle  )9,  the  image  h  would  be  brought  in 
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ooinridence  with  It  (Art.  431).      In  tliis    iimmier    the    aofcle  0  t 
qucnily  ^,  could  h<'.  nieajsure^l.     T\\e  dLstancr  of  the  objert  lighted  upun  an 
then  be  m>inpu(e(J. 

Fur  the  mitKC  t»f  iluiitJinri'H  for  which  tho  iiutiniment  is  UAed,  however, 
varialitm  in  the  angle  6  is  so  small  tbut  the  rc(|uired  prcctftion  in  the  nioLSUTN] 
menl  of  the  rotation  of  the  reflect4>r  n»uid  not  lie  readily  ubtaintni.  For  thiij 
reajton,  fill  four  rpflnct<)rs  are  fixml  in  [Mjsilion  und  the  coincidenct  of  th< 
imiiKefl  of  the  object  i»  efTocted  by  moving  a  thin  gloss  wecige,  11*,  tdaa$  llvj 
axis  of  the  Instniment.  With  the  compensating  wedge  at  some  convtinial 
point  11',  Fig.  538.  the  rffloelor  A/»  can  be  fixed  permanently  in  surhApoBhl 
tion  that  light  incident  |)«n>*"it^i^ul«rly  to  the  axis  of  the  iiigtrunienl  wril 
traverftc  the  instrument  axiaJly.  The  present  position  of  the  wodge  »  the 
setting  for  an  objert  at  infinity.  For  a  nearer  object,  the  image  fumird  by 
light  travpr«ing  tlio  [vfl  side  of  the  inatrumi'nt  will  lie  at  some  point  /|.  B)r 
moving  the  cotniK'Ji8atiiig  weilgi^  to  some  position  W  tlic  image  /i  can  1* 
brought  int.o  coincident  with  7).  The  length  between  W  and  W  v  % 
mcHAtire  of  iho  distance  of  tlie  object  from  the  instrument. 

If  the  reflectiou  at  ctich  end  of  the  instrument  were  produced  by  a  »in^ 
reflociling  surface,  as  indimtcd  in  Fig.  538,  the  unavoidable  flexure  of  the  cov- 
t&ining  tube  duo  to  tenipemt  ure  changes  or  mcelianjcaJ  Ftrain  would  produce 
variations  in  the  direction  of  the  light  through  the  instrument  and  wtjuM 
introilutH*  considerable  error  in  the  indications.  If,  however,  the  rpfleHi<:n 
at  each  end  wcrr  prodiic*'d  by  two  rigidly  connected  surfaces,  llien  the  cfffrt 
of  any  fliiiult  dwnlacenient  of  one  Hurfacft  \vouhl  ln!  fnmpen8ftt*xl  by  an  ciual 
displacement  in  the  opj>osito  direction  of  the  atUclKti  reflectinR  surface.  IV 
moet  satisfactory  meana  for  securing  two  rigitlly  txmnectod  reflecting  nirfarW 

is  by  the  uae  of  two  ailvered  /area  o(  a 
prism  i\a  shown  at  Afj  and  Mi,  Fig.  539. 
In  practice,  the  righl-onglpd  refiw- 
tions  at  the  eyepiece  are  protluccd  l)V 
two  totally  refle^^ting  prisin.^  &a  shuft" 
at  M'l  and  M'i  in  the  sarue  Ggurt 
With  one  of  thc^c  pri.sms  above  tk 
other^  the  field  of  view  will  con^i^l 
twr)  part  A  divided  by  a  horizontal  linl» 
the  u]ijx?r  part  due  to  light  that 
travcrscjil  one  objwtive,  and  iht  lo' 
part  dtic  to  light  that  ha^  traversed  tlie  othej.  In  general,  the  twn  halvcsof' 
the  image  of  a  vortical  object  will  not  be  in  Line,  Theaiijustment  of  the  ranHF 
finder  consists  in  moving  the  cuin(>t'nsalion  wedge  M"  till  the  two  halves  of  t^ 
image  of  some  vertical  object  are  continuous.  The  difltance  liotwccn  the 
tbject  and  the  instrument  is  then  indicatwl  by  a  scale  attached  to  the  ct«D- 
•L'uwulion  wedge. 

Ou  account  of  the  fact  that  liglit  traversing  the  left  objectire  in; 


^ 
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pftth  in  glasR  tluin  the  light   traversing  the  right  objective,  the  two 
of  light  would  nut  fuculizt*  in  the  name  )ilaue.     To  bring  theue  focal 
into  (oincidenoe,  then*  w  ndded  to  the  right  side  a  oorreetion  lens  L 
fadclition,  for  the  pun>oiw  nf  readily  readjusting  the  optical  system  when  it 
become  slightly  disurranged,  there  is  introduced  a  tiiin  wedge  P  eapable 
►tation  about  the  optir  axia  of  the  instrument. 

441.  The    Compound    Microscope. — In    principle,    the    com- 

iiid  inicTosi'ope  is  the  same  us  that  of  an  astronomical  telescope 

kving  a  short  focus  objective  and  a  short  focus  ocular.     The 

stance  from  the  object  under  cxaiiiination  to  the  objective  lens 

;but  slightly  greater  than  the  f(><*al  length  of  the  objet:tive.     The 

(jective  is  so  close  to  the  oljject 

iX.  the  Ught  entering  the  objec- 

■•e  from  any  point  of  the  object 

strongly  divergent.     Ext'(*s.sive 

>herical  alx?rration  would  therc- 

n^iult  if   s])ecial   f>recauti(>ns 

not    taken    to    (■orre<'t    it. 

his  is  a<'complished  b^*  buikl- 

IK   up  the  objective  of  several 

^rifles. 

After  traversing  the  objective, 
le  Ught  from  the  object  forms  a 
?nl  image,  inverU'd  and  larger 
the  object.     This  image  is 

Lher   magnified   by  means   of 

eyepiece.  As  the  image  is  so 
luch  larger  than  the  object,  the 
>J6ct  must  be  brilliantly  illu- 
lined  in  order  that  the  image 
lay  be  sxifliciently  bright  to  be    - 

wt.     When  the  objective  is  | 
lose  \jo  the  object  it  is  so  <lifficu!t 

properly  illumine  th**  oljject 
)m  above  that  light  is  supplied  usually  from  below. 

Tho  arrangernent  of  lense-**  and  the  path  of  light  in  a  modem 
rmpountJ  microscope  are  shovni  in  Fig.  540.  The  objfct  under 
»»--«ti«iition  is  placed  on  the  stage  S,  and  is  illumined  by  Ught 


r\ 


Fio.  540. 
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reflected  from  the  mirror  M.     Light  from  the  illumined  ohjerf] 
after  tniveraing  the  t-oiiipourid  ohjective  0  pusses  thniUgL  lbs 
field  lens  F  aiul  forms  a  n-al  image  at  the  place  shown  in  the  figure. 
This  image  is  highly  luagnifitid  by  means  of  the  eye  lens  E. 
distance  from  the  ol>jeet  to  the  objective  is  adjusted  by  inciins 
the  pinion  A'  and  the  screw  z. 

§  4.   Tfu:  SjH'ctroscope  and  Spectrum  Analysits 

442.  The  Prism  Spectroscope. — The  speetrasc^po  is  an  inntru- , 
ment  for  s(^parating  the  radiant  encrg>'  emitted  by  a  luimmHa^ 

l>ody  into  waves  of  the  various  fi 
quencies  of  which  it  is  coni]X>«^ 
The  disix^i-sing  action  of  a  prisinik] 
oft-en  employed  for  this  purpose.  Ittj 
}     the  ordinary  prism  spectroscope, 
ver>'  narrow  slit  s^  Figs.  54 1  and  MS 
is  illumined  by  light  from  th(»  source 
Fig.  541.  under  investigation.     The  sphcriial 

waves  from  the  variou^^  points  of 
this  slit,  after  being  rendered  plane  by  a  lens  C,  are  l>ont  out  of 
their  course  by  a  prism  P,  and  bi-ought  to  a  focus  F  by  means  of  a 
lens  0.     If  the  himinouH  source  emits  waves  of  a  single  frequenry, 


Fio.  M2. 


there  will  be  formed  at  F  a  single  image  of  the  slit.  If,  however, 
the  luminous  source  emits  waves  of  several  different  frequeuvitfi 
these  waves  of  different  frequencies  will  be  unequally  refra^'ti 
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the  prisin,  and  will  form  at  F  a  separate  image  of  the  alit  for 

kch  tlifferent  frequency.     This  series  of  parallel  images  of  the  slit 

ralliHl  a  sptctnim.     The  spectrum  is  viewe<i  by  means  of  an 

jycpiccc  E.    The  tul^e  C  with  the  slit  and  the  lens  is  called  the 

lirrniior.      The  tube  with  the  lens  0  and  eyepiece  E  constitutes 

ordinar>'  reatling  telescope.     The  telescope  is  usually  provided 

ith  a  .set  of  cross-wires. 

443.  The     Direct-vision     Spectroscope. — A    combination    of 

irisms  made  of  pkussei*  of  different  indire.s  of  refraction  and  dif- 

irent  dispersive  jxiwers  can  be  ma<ie  which  for  light  of  any  spe- 

ieil    wave-length    will     pi-oduce    disixM*Rion    without    deviation 

|Ar1.  400).     This  fact  is  utilised  in  the  production  of  a  simple 

ipcctroscope.      In   Fig.    543   CCC   represent   three   crown  glasa 


-r."     O 


ji'^— 8 


^ 


Fig.  .WS. 


[prisms,  and  FF  represent  two  flint  glass  prisms  of  such  angles  that 
light  traversing  the  combination  will  l>e  dispersed,  while  light  of  a 
certain  fri^jucncy  will  emerge  in  the  same  direction  it  ent<^red. 
Such  a  conibination  is  called  an  Amici  direct-vision  prism.  Light 
from  a  source  .S  after  traversing  a  narrow  slit  and  the  compound 
prism  is  focalized  by  the  eyepiece  E.  In  the  focal  plane  of  this 
eyepiece  there  is  formed  an  image  of  the  slit  for  light  of  each  fre- 
quency emitted  by  the  source.  That  is,  a  spectrum  of  the  source 
is  formefl  in  the  focal  plane  of  the  eyepiece. 

By  covering  ont*-half  of  the  slit  by  a  totally  reflecting  prism, 
the  s(>ectrum  of  a  second  source  .S'  can  be  produced  by  the  side 
of  the  spfK'trum  from  the  other  source.     By  this  mcAns  the  spectra 
two  tHwiies  (ran  be  readily  compared, 
'he  instrument  is  oft<;n  provided  with  a  scale  nded  on  glass,  K^ 

flaeed  tliat.  light  after  traversing  the  scale  and  a  lens,  and  being 
sflected  at  the  air-glass  surface  of  the  last  prism,  forms  an  image 
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of  the  scale  beside  the  spectra.     A  particular  spectrum  line  can 
then  be  indicate  by  reference  to  its  position  on  this  scale. 

444.  The  Difierent  Classes  of  Spectra. — When  a  gas  free  from 
solid  particles  in  heat-ed  to  incaiidc^scence,  the  apcctnun  consistd 
of  a  series  of  bright-colored  images  of  the  spectroscope  slit  sepa- 
rated by  dark  spaces.  Thia  is  called  a  bright-line  spectrum.  When 
raised  to  a  sufficiently  high  temperature,  any  substance  beccoies 
an  incandt^Hcent  guw  and  gives  a  bright-line  spectrum.  If  an  incaa-j 
descent  gas  be  subjected  to  high  pressure,  the  spectral  linelj 
l>eeome  broader.  It  is  pn>bablc  that  with  suffieiently  high  preasuit! 
the  lines  would  broaden  till  there  would  be  no  dark  spaces  between] 
them. 

The  spectrum  produced  by  an  incandescent  solid  or  liquid 
consist^s  tif  a  cnntimious  ribbon  of  color,  blue  at  one  end,  red 
the  other,  and  an  unbroken  series  of  other  colors  in  bcti 
Sc4f-lurnin(ius  bixli<s,  whether  scjlid  or  liquid,  e.g.,  the 
descent  particles  of  carbon-forming  flames,  the  filament  of  all 
incandescent  electric  lamp^  incande*Mt>nt  soUd  or  melted  iron. 
give  continuous  spectra.  If  light  from  an  unknown  souroe 
gives  a  continuous  spectrum  we  infer  that  the  luminous  source  is 
an  incandescent  solid  or  liquid,  or  possibly  a  gas  under  enormous 
pressure.  Up  to  the  present  time,  however,  continuous  spectra 
have  not  been  produced  in  the  laboratorj-  by  compressing  an 
incandeHccnt  gas.  But  it  is  possible  that  at  the  center  of  u  hail 
of  gas  of  the  size  of  the  sun  the  pressure  would  be  sufficiently 
great  to  give  a  continuous  spectnmi. 

If  waves  emitted  by  an  incandescent  solid  or  liquid  fall  upon 
any  nonhuninous  body,  certain  of  the  incident  waves  are  reflect«l, 
others  are  absodx^fl,  and  the  remainder  are  transmitted.  The 
spectrum  of  the  tninsmitt^^d  waves  has  the  appearance  of  a  cen- 
tinuous  spectrum  from  which  certain  regions  have  been  absorbed 
or  blotted  out.  A  spectrum  of  this  sort  is  called  the  ahsorptim 
spedrum  of  the  body  which  produced  the  absorption.  In  the 
absorption  spectra  of  solids  and  liquids  the  dark  spaces  are 
broad  with  nebulous  edges.  In  the  absorption  spectra  of  gases 
the  dark  spaces  consist  of  narrow  lines  with  sliarply  de5ned 
edges. 
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445.  Spectrum  Analysis. — The  bright  line   apectnun   of   un 

sment  consists  of  a  particular  grouping  of  lines  that  distinguishes 

it  clement  from  all  others.     When  raised  to  a  sufEeiently  high 

tperature  any  mixture  or  compound  becomes  dissociated  into 

(lie  elements  composing  it,  and  each  c<>m|3oueiit  element  gives  its 

spectrum  independently  of  all  the  others.     In  tliia  manner 

Ferent  substances  can  be  identified  by  their  spectra.     In  Fig. 

are  shown  three  bright-line  spectra.     The  upper  spectrum  is 

copper,  the  lower  one  is  of  zinc,  and  the  middle  one  is  of  brass. 


FiQ.  544. 

he  fact  that  for  each  line  in  the  spectra  of  copper  and  zinc  there 

in  the  spectrum  of  brass  a  similar  line  in  the  same  relative  posi- 

on   shows  that   brass  is   composed   of  copper  and   zinc.     Any 

I  occurring  in  the  spectrum  of  brass  that  do  not  occur  iu  the 
jectra  of  copper  or  of  zinc  are  due  to  some  other  element. 

If  the  spectrum  of  a  star  is  of  the  bright-line  type,  we  infer  that 
e  star  consists  of  a  mass  of  incandescent  gas.  By  comparing  tlie 
ellar  spectrum  with  spectra  of  the  elements  we  can  detemune  the 

ments  composing  the  star. 

The  wonderful   sensitivity   of   the   spectroscopic   metliod  of 


identification  of  the  components  of  a  body  is  shown  by  the  minul 
ncss  of  the  quantities  (if  mat^^rials  that  can  be  det-ert-ed.     For 
example    3(10)"^  p.   of  common   salt  gives    the    characteristic 
spectrum    of  sfKiiuni;     (10)~^*^  g.   of   calcium    can    be  detectod. 
and  (10)"'^  g.  of  strontium  can  l^e  detected. 

From  thcHjretical  considerations  it  can  be  shown  tliat  the  wavtf 
absorJ^d  by  any  gas  are  of  the  same  fi*e<iuencies  as  those  thai 
would  Ix!  eniitUnl  if  the  gas  wen»  heate<l  to  incandescence.  Ib 
agreement  with  this  conclusion  we  find  that  the  dark  lines  of 
the  al>8orption  spectrum  of  any  ga.s  occupy  the   same  relative 
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positions  as  do  the  }»right  lines  in  the  emission  spectrum  of  llw 
same  gas.  ^ 

Since  the  siH^ctrum  of  the  sun  is  a  continuous  ribbon  oicolor 
crossed  by  narrow  dark  lines,  we  infer  that  the  sun  •i.'onsists  of  mi 
incandescent  st>li*l  or  liquid  nucleus  (or  highly  cnmpresaed  gaseoas 
nucleus),  surrounded  by  a  layer  of  cooler  gas.  Tlie  dark  lines  of 
the  solar  sp*3ctrum  i>ennit  the  iilentificution  of  the  elements  wLich 
enter  into  the  com|K>sition  of  the  gaseous  envelope  of  the  sun. 
The  middle  ribbon  in  Fig.  545  is  part  of  the  bright  line  sj^ectrumof 
iron.  The  con-esponding  part,  of  the  sjxictruni  of  the  sun  is  shown 
above  and  l>elow.  The  eoincitlence  of  the  bright  lines  of  the  iron 
spectrum  with  absorption  lines  of  the  solar  spectrum  proves  the 
presence  of  iron  vapor  in  the  gaseous  enveloi)e  of  the  sun.  The 
other  lines  of  the  solar  spectrum  are  due  to  elements  which  are  also 
found  on  the  earth. 

Frauenhofer  designated  the  prominent  lines  of  the  solar  spec- 
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rum  by  letters  of  the  alphal>et.  The  two  prominent  line^  in  the 
art  of  the  solar  spcctriuii  sho\m  in  the  figure  arc  due  to  calcium 
lad  are  called  the  H  and  K  Frauenhofer  lines.  The  former  has  a 
uve-length  Xh  — 3969  Angstrom  units,  and  the  latter,  Xj¥=3934 
Lngstrom  units.' 

Since  when  sunLght  Ls  incident  on  the  moon,  we  get  from  the 
noon  the  same  spectrum  that  wc  do  from  the  sun,  whereas,  when 
unlight  is  not  incident  on  the  mtwn  we  get  nothing,  we  infer  that 
he  moon  is  not  self-hjnilnons,  hut  reflects  sunlight. 

446.  Motion  of  Heavenly  Bodies  in  the  Line  of  Sight. — The 

pectruni,   in  coutiection  \\\ih   Dopplcr's  Principle,  furnishes  our 

mly  scheme  fur  detennininR  the  component  velocity  of  a  heavenly 

|ody  in  the  line  of  si)j:ht.     In  Art.  175  it  was  shown  that  when 

,  wave  sounx'  is  approaching  an  obser\'er,  the  frequency  of  the 

raves  received  by  the  observer  is  increased,  whereas  when  the 

lody  is  receding  from  the  observer  the  frequency  is  decrensed. 

"hus  when  moving  toward  rfn  ol>server,  there  is  an  apparent 

hortening  of  the  wave-length  of  all  the  light  received.     If  the 

Twdy  pves  a  line  spectrum,  the  shortening  of  wave-lenj^ha  is 

shown  by  a  shift  of  the  lines  toward  the  blue  end  of  the  spectrum. 

n  the  other  hand,  when  the  lx)dy  is  moving  away  from  the  observer 

e  shift  of  the  sjxictral  lines  will  be  toward  the  red  end  of  the 

ctrum.     The  amount  of  the  shift  do^wnds  upon  the  speed  of 

e  body  in  the  Une  of  sight.     Knowing  the  amount  and  direction 

of  the  shift,  the  component  velocity  of  a  star  in  the  hne  of  sight 

can  be  approximately  det'errnined  by  Doppler's  Principle.     Some 

Btars  are  approaching,  and  sonic  are  receding  from  the  earth  with  a 

Q)eed  exceeding  40  miles  per  second. 

The  astronomers  of  the   Ixiwell  Observatorj'   have  recently 

)b8er\'e<l  a  shift,  toward   the  red  end  of  the  spectnmi,  of  the 

qjectrum  lines  of  the  nebula  N  G.C.  dS4t  which  indicates  that 

his   nebula  is  moWng  away  from   the  earth  with  a  speed  of 

100  miles  per  second. 

For  a  long  time  it  was  oot  known  whether  the  rings  around  the  planet 
latura  are  disks  or  whether  they  consist  of  elouds  of  separate  small  bodies. 

The  Angstrom  unit » 0.0000001  mm.  =0.0001  micron. 
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If  they  arc  disks,  the  periphery  muat  move  faster  than  the  uuddc.  But  if  Uk 
ringH  consist  of  sei)anite  bodies,  the  b<xiiea  toward  tlic  axis  of  rotatiun  nifjst 
move  faster  than  the  outer  ones,  eb*e  the  inner  bodies  would  fall  into  the  inner 
phinet. 

SuppoKp  that  an  imaxe  of  Saturn  be  formed  on  the  end  of  a  apectromeltr 
so  that  it  is  croaaed  by  the  alit  ST  as  ahown  in  Fig.  546.  If  the  rings  rotate  in 
their  jilane,  the  part  of  a  qwctra]  line  corresponding  to  light  entering  the  slit  «t 

ab  will  be  shifted  m  t  he  direction  oppoali' 
to  the  part  of  the  same  spectral  line  com- 
sponding  to  light  entering  the  sht  st  rrf.  If 
the  velocity  at  the  periphery  nf  a  ri.  g  i) 
different  than  that  on  the  inside,  tb^ 
Bpectral  lines  will  be  inclined. 

U  is  fotiiitl  tliat  the  spectral  lines  tf^ 
inclim»d  in  the  direction  which  tndieald 
thiit  the  inner  parts  of  the  ring  iwtve 
faster  than  the  periphery-.  Thercforp  tin* 
rings  cannot  be  solid  disks.  From  the 
measured  shift  of  the  &pcctnd  hnes  it  is  foimd  that  each  point  of  the  rinp 
has  the  velocity  required  to  maintain  a  separate*  body  in  an  orbit  havius  * 
radius  equal  to  the  dietauce  of  that  point  from  the  axis  of  revolution.  Hwrc 
we  conclude  that  the  rings  of  Saturn  consist  of  a  cloud  of  small  bodi« 
revolving  in  the  e<{Uiitorial  plane  of  the  planet. 

447.  Quantitative  Spectrum  Analysis. — The  degree  of  blaclt- 
ness  of  an  absorption  band  depends  upon  the  amount  of  absorbing 
material  through  which  the  light  travels.  For  instanee,  the  fra^ 
tion  of  the  light  incident  upon  a  cell  of  absorbing  solution  that 
emerges  from  the  cell  deixjiuLs  vii>on  the  concentration  of  the  solu- 
tion. Thus,  by  using  cells  of  the  same  thickness  we  can  conipan* 
the  concentrations  of  two  absorbing  solutions  of  the  same  sub- 
stance from  determinations  of  the  fraction  of  the  incident  light 
transmitt-ed  by  each. 

For  such  a  determination  a  spectroscope  is  arranged  so  Uiflt 
part  of  the  light  from  a  luminous  source  traverses  the  cell  in  front 
of  the  slit  while  another  part  enters  a  different  |X)rtion  of  the  slit 
without  traversing  the  cell.  In  the  eyepiece  now  appears  a  con- 
tinuous spectrum  of  the  luminous  source  btNside  the  absorptioa 
spectrum  of  the  solution.  By  means  of  a  diaphragm  in  the  focal 
plane  of  the  eyepiece  all  of  the  two  spt^rtra  vnn  l)c  oh8etin?d  except 
a  selected  portion  of  one  absorption  band,  and  the  corresponding 
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^of  the  coutiimous  spectrum.  The  observer  now  sees  side 
'two  reetangular  patches  of  light  of  the  same  wave-length, 
ic  to  hght  that  has  traveryetl  the  solution^  and  one  tlue  to 
'rom  the  satne  source  that  has  not  traversed  the  Bolution. 
ice  is  provided  which  peniiits  the  observer  to  diminish  the 
ness  of  the  continuous  spectrum  by  known  amountK  till 
fO  parte  of  the  6cld  of  view  arc  equally  bright,  A  spectro- 
provided  with  a  device  for  comparing  the  brightness  of  eor- 
iding  parts  of  two  spectra  is  called  a  spectrophotometer. 
'  means  of  a  spectrophotometer,  the  concentration  of  an 
Mng  sohition  can  be  quickly  detciinined  with  considerable 
icy.  In  the  case  of  certain  classes  of  substance  the  degree 
niracy  possible  is  as  preat  as  by  chemical  anah'sis.  The 
yd  is  available  for  the  determination  of  the  speed  of  cheuiical 
onfl  in  a  considerable  number  of  cases. 
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CHAPTER   XXVir 

DIFFRACTION  AND  SCATTERING  OF  LIGHT 

448.  Half-period  Elements. — Consider  tho  illuiiiiniihon  at  t] 
point  A/,  V'lii^.  547,  tlue  to  a  sphericiil  wave  advancing  from  ii  poin^l 
soiirw  S.  The  effect  at.  A!  is  the  resultant  of  the  inchvidu.'il  effectt 
produced  l»y  all  inVints  of  ihe  jidyniifinj:  wave  fninl.  Draw  a. 
hnc  from  S  to  M.  Tlie  iviintof  int4?rse<'tion,  P,  of  this  hne  witi) 
the  wave  front  ia  culled  the  pole  of  the  wave  surface  with  respect  to, 


Fig.  547. 


FiQ.  548. 


rM.    Denote  the  distance  PM  by  the  symbol  a  and  the  wave- 
length  by  X.     With  M  as  center  and  with  radii  a+X/2,  fl+2X/2, 
aH-3X/2,  etc.,  describe  a  series  of  spheres.    These  spheres  (livi<te 
the  advancing  wave  front  into  a  series  of  zones.     Looking  at  Uw 
advancing  wave  front  in  the  direction  MP,  the  appearance  of 
these  zones,  if  they  could  be  rendered  visible,  would  l>e  m^  repre- 
sented in  Fig.  548.     These  concentric  zones  an*  called  half-pcnoa 
elements.     It  can  be  shown  that  the  areas  of  these  half-period  ele- 
ments are  approximately  efiua!.     If  the  areas  wore  exactly  equal, 
and  the  distances  of  the  various  elements  from  \f  were  exactly 
equal, and  the  inclination  of  each  element  to  the  line  joining  it  tOjW 
were  equal  to  the  cnrrcHponding  ineUnation  for  every  other  one, 
then  the  illununation  producci!  at  M  by  any  half-period  element 

000 
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equal  that  pnxiuced  by  any  other.  But.  in  an  isotropic 
diuin, these  conditions  are  fulfillwl  only  when  M  is  a  focus  toward 
ich  a  spheriwil  wuve  is  I'otiverging.  In  \\\v  vnav.  n^prastinted  in 
t-  547,  as  the  radius  of  a  half-period  element  increases,  there  is  a 
^ual  increase  in  the  area  of  the  element,  an  inerea>u^  in  the  dis- 
Dce  of  the  element  from  M,  and  an  incrL^ast-  in  the  inclination  of 
e  element  to  a  line  drawn  from  it  t-o  M.  The  illumination  which 
ly  element  produces  at  M  turns  out  to  be  not  f|uile  equal  to  that 
hich  the  next  element  produces,  the  ditTerenee  Iwing  greatest 
r  the  elements  close  to  the  ixile. 

The  disturbance  tliat  niacin's  M  from  any  point  of  one  half- 
Sriod  element  is  exactly  one-half  wave-leiij^th  behind  the  dis- 
irbance  from  some  jx>int  in  the  next  inner  element.  Hence, 
Ic  disturbance  at  M,  at  any  distance,  due  to  an  entire  half-period 
ement,  is,  on  an  average,  one-half  wa\'e-l«'nj;th  In^hind  the  tlis- 
trbance  due  to  the  next  inner  element.  Therefore,  the  illumina- 
Mrdue  to  any  two  adjacent  half-]>eriiKl  elements  is  considerably 
IPlhan  that  due  to  the  inner  oik?  alone.  In  fact,  it  can  be 
iciwn  that  the  illumination  at  M  due  to  the  entire  wave  very 
ftarly  equals  one-fourth  that  which  would  l>e  proiluced  by  the 
fenltal  half-pericxl  elenieiit  if  this  alone  had  l>t^en  effective.  Thus, 
all  the  wave  had  been  screened  from  M  except  a  certain  part  of 
fce  first  half-|H^riod  element,  the  illumination  at  ^[  would  1k^  the 
fflie  as  if  no  paH  of  the  wave  were  screened.  Cons^'quently, 
te  illumination  at  Af  may  l»e  regarded  as  due  to  a  very  small  por- 
jn  of  the  advancing  wave  front  aUHit  the  ]x)le.  All  of  the 
Diainder  of  the  wave  Ls  ineffective  so  far  as  the  illumination  of  M 
concerned. 

If  an  opaque  circular  thsk  of  the  diameter  of  the  hrst  half-period 
^nent  Ik*  phwe<l  at  f,  the  illumination  at  M  will  l>e  almost 
actly  a  quarter  of  that  wliieh  would  Ije  produced  by  the  second 
Jf -period  element  if  that  alone  were  setuling  light  to  M.  If  the 
sk  cover  two  half-ix^rifMl  elements,  the  illumination  at  M  will  Ix; 
iry  nearly  a  quarter  of  that  which  would  l>e  producet!  by  the 
ird  half-]w*nod  element  if  that  alone  were  sending  light  to  il/. 
I  the  illumination  due  to  eacli  half-period  element  is  practically 
e  same,  it  follows  that  the  illumination  at  .1/  will  be  but  slightly 
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affected  by  placing  a  small  opaque  disk  in  the  path  of  the  li{ 

wave. 

If  at  P  there  be  placed  a  diaphragm  with  transparent  anni 

spaces,    so    arranged    that  the  all 
nate    half-period    elements    are 
covered,  the  illumination  at  M 
l>e  several  times  greater  than  if 
entire   wave    front  were  uncove 
I'hat  is,  the  light  is    brought   to 
focus,  somewhat  as  it  is  by  a  coi 
verging  lens.     Such  a   diaphragm 
ojilled  a  *'  zone  plate  "   and  has 
apiM-'^ninfe  of  Fig.  549. 

449.  The     Rectilinear    Propaga- 
tion of  Light. — The  approximate 

dius  of  any  half-period  element  will  now  be  detennined.    Let  A 

Fig.  550,  l)e  on  the   outer  edge  of    the  nth   half-period  element. 

with  respect  to  A/,  of  a  wave  front  advancing  from  a  point  source  S. 


I'i'i.  5^JU. 


Fig.  560. 

From  the  figure,  the  radius  r  of  this  element  is  given  by  the  equa- 
tion 


Rut 


ylAf =a+y  and  B^f^i^-a, 


where  X  is  the  wave-length  of  light. 
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For  any  case  that  would  ariso  in  experiniont,  (  and  X  are  so  small 
compared  with  r  that  for  the  dofrree  of  precision  here  sought  it 
will  be  justifiable  to  neglect  the  Mjuarc  of  either  of  them.  Con- 
sequently, 

i^  =  a{n\-2l) (246) 

Again,  from  the  figure, 

r2  =  52-(5-Q2 


=  261.       .    . 
Eliminating  i  betwren  (246)  and  (:M7), 

nahX 


(247) 


(248) 


If  a  circular  aperture  placed  five  raetere  from  a  point  source  is  to  permit 
-only  the  first  half-period  element  of  hght  of  X  — 0.000(>6  cm.  to  reach  a  screen 
5  metera  from  the  aperture,  the  radius  of  the  aperture  is  given  by 


,     1(500J(500)(0.00006)     _„,,         , 


r— 0  12  era 


The  aperture  necessary  for  the  production  on  the  screen  of 
illuminntion  wiual  to  tlmt  whi<'h  would  I>p  i>n»diic'(Hl  by  the  entire 
unobstructed  wave  is  even  smaller  thun  this  value.  That  Ls,  the 
illumination  at  a  point  is  e<iual  to  that  wlut^fi  would  Im*  [jrtHluced 
I  by  a  very  small  area  of  the  wave  front  normal  to  the  direction  of 
I  propagation.  For  this  reason  light  is  sjiid  t*>  travel  in  a  Btraight 
I  line  from  the  source  to  the  point.  und(T  consideration. 
I  460.  Diffraction  around  the  Kdges  of  an  Aperture. — In  the 
I   model  illustrated  in  Fig.  551  the  spherical  surface  F  represents 
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a  portion  of  tho  front  of  a  wave  originating  at  S.     This  spherical 
surface  is  marked  off  into  ha]f-ix*riod  elements  with  respect  fo  tl 
point  M.     The  board  A  represents  a  diaphragm  pierced  by  a 


Fio.  551. 

eular  aperture '  of  an  area  eijual  to  one-half  of  the  central 
period  element. 

ConsidtT  the  illumination  on  a  vertical  screen  through  C 
C  Fig.  552  represents  a  cross-section  of  the  model  through 
line  SMf  and  Fig.  551^  represents  the  wave  front  advancing  throi 


Fio.  552. 


Fia663. 


Fia.  654. 


Fia.  555. 


the  aperture  as  seen  from  the  point  M,  (The  diagrams  in  this 
Article  are  not  drawn  to  scale-)  Since  all  of  the  wave  front  do^ 
covered  by  the  diaphragm  belongs  to  the  same  half-|jeriod  ekmenli 
light  from  no  two  points  will  arrive  at  M  in  opposite  phase.  Con- 
sequently,  the  illumination  at  M  is  great. 

On  raising  the  end  A"  of  the  rod  SK,  Fig.  551,  the  ai^ix'aranoe 
at  the  diaphragm  of  the  half-period  elements  with  respect  to 
some  poiuv  .Ui  will  be  as  represented  in  Fig.  555.     In  this  ca« 

'  In  the  tiRure  is  showm  a  slot  e?ctendinK  upward  from  the  circulur  a|Krtul». 
ThiH  d«o«  not  represent  an  ai»rtum  for  the  [Mtssanc  of  light.  H  i»  cut  \n  tto 
board  so  as  to  permit  the  upward  movement  of  the  rod  SK. 


of  the  light  that  comes  from  the  second  half-pcrioiJ  element  is 

>posit>e  in  phase  to  part  of  that  from  the  first  linlf-periot!  element, 

that  the  illumination  at  Mi  is  con.-iidcrably  weaker  than  at  M. 

we  imapinc  that  the  rod  SK  can  move  out  of  the  vertical  plane 

d  that  it  is  made  to  move  in  such  a  manner  timt  while  *S'  remains 

heed  K  describes  a  vertical  circle  in  a  plane  ix^rpcndicular  to  SM, 

we  aee  that  the  effect  which  thus  movement  would  have  in  Fig.  .")55 

B  simply  tx>  turn  that  figure  gradually  around  in  the  plane  of  t-he 

^per — without  any  change  in  the  fractions  of  the  zones  that  are 

Icen  through  the  a|wrture.     It  follows  that  the  biight  central 

Ipot  at  M  is  surrounded  by  a  dark  circular  band  of  radius  MMi, 

At  some  place  aho\'e  Mi  is  a  point,  M^  for  which  the  half- 
fceriod  elements  would  be  as  shown  in  Figs.  556  and  557.  In  this 
aae  the  H^ht  from  the  exposed 
►art  of  the  third  lialf-period 
lement  interferes  with  a  eon- 
■derable  part  of  that  from  the 

End      half-period      element. 
8,  only  a  part  of  the  light 
I     the     second    hatf-j^oriod 
taerae-nt  is  left  to  interfere  with  that  from  the  first.     The  illumi- 
ption  at  M2  is,  therefore,  greater  than  at  Mi,  but  is  not  nearly 
to  great  as  that  at  M. 

Proceeding  in  this  manner-,  it  is  found  that  the  central  bright 
pot  is  sun-ounded  by  a  series  of  bands,  alternately  dark  and 
tright,  that  extend  to  some  distance  l>eyond  the  geometric  shadow 
V  the  edges  of  the  ai>erture. 

The  phenomenon  of  the  bending  of  light,  due  to  interference, 
liTound  the  edges  of  opaque  olijects  is  called  diffnij'tion.  The 
Itcrnate  dark  and  bright  bamis  that  accompany  diffraction  are 
ifcrmed  diffraction  fringes  or  diffraction  bands. 

The  distribution  of  illmninatinn  on  a  screen  produced  by 
ight  from  a  luminous  point,  traverr^itig  ajM^duR^s  of  different 
Izes,  is  shown  in  Fig.  558.  In  this  diagram  the  curve  drawn  with 
i  dashed  line  represents  the  distribution  f»f  illumination  when  the 
Ipcrture  uncovers  one-quarter  of  the  tii*st  half-ixriod  element 
th  respect  to  M;  the  curve  drawn  with  a  full  line  represents  the 


Fio.  556. 


Fio.  557. 
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diatribution  when  the  aperture  uncovers  one-half  of  the 
half-period  element;    and   the  dotted  curve  rcprpaents  the  d^ 
tril>ution  when  the  aperture  uncovers  the  first  eight  half-peri< 
elements. 

Diffraction   frin(?03   are   protluced   when   liRht   passes  act 
the  edge  of  an  opaque  object.     The  fringes  are  always 

to  the  edge.     One  sees  diffraction  fringes  on 
ing    through    a   silk    umbrella   toward   a 
street  light  on    a  dark  night.    The   two  sets 
fringes  parallel  to  the  threads  of  the  doth  form 
distinct  cross. 

If  one  looks  toward  a  small  light  source 
glass   ])lato   on   which   have   boon  diisted  am&ll 
Hizeil  purticltiK,  out;  eetis  the  light  aouroe  surrounded 
scries  of  concentric  rings.    Each  ring  is  reddish  on  the 
edge  and  bluish  on  the  inner.     Soroctimen  such  t'tn^,  caJkd 
J      ^\  coronas,  are  seen  around  the  moon  when  the  sky  is  dark 

^*  1*'^  and  the  air  is  charged  with  nioi.«iture.  Ijcss  frequently  U)© 
are  swri  around  the  sun.  They  subt^Mid  at  the  ol 
angle  which  dpjoi'nds  upon  the  siie  of  the  |nuti( 
larger  the  partiolefl  the  small  r  and  hright^r  w  the 
The  fxipuLir  notion  llml  «m«uui  U'loken  rain  is  foi 
on  the  fart  that  they  aocur  only  when  there  is  oonsidenbte 
moisture  in  Ihe  atniuKphere. 

There  are  sonieiimcs  seen  about  the  sun  or  about  tbc 

moon  large  rings  tiaving   diameters,  which  subtend  at  the 

Fia.  568.  observer  an   angle  of  either  about  22*  or  4*>°.     Thwe  »>- 

callerl  halcK^  are  not  riiftraction  effecta  but  are  due  pnniarily 

to  refraction  of  light  thniugh  jei-  crystuLs  suspended  in  the  atmosphere. 


\ 
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461.  The  Formation  of  Images. — In  the  preceding  Arti 
it  was  shown  that  when  Ught  from  a  himinous  point  traverses 
sniall  ji}x*rtiire  of  any  fomi  and  falls  on  a  screen  there  is  forme 
on  tJic  screen  a  small  bright  dot  of  hght  surrounded  by  a  acri< 
of  faint  diffraction  fringes.  When  the  aperture  is  not  small,  the 
spot  on  the  screen  is  large.  If,  instoad  of  a  single  point,  the  hjmii 
object  consists  of  a  nuinU^r  of  points,  each  will  produce  on 
screen  its  o\vn  eflfect.  If  the  image  dots  of  all  points  of  an  ejctendf 
object  l>c  small  and  bright,  the  image  of  the  abject  will  be  distinct; 
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if  the  image  dots  be  large  they  will  overlap,  and  the  image  of 
object  will  be  indistinct. 

Now  the  image  dot  of  an  object  point  will  be  swnall  if  it  be  due 
light  from  less  than  the  tii-st  lialf-ix^riod  element  of  the  incident 
ve.  The  distribution  of  illuniination  in  such  a  dot  is  shown  by 
full  hue  ui  Fig.  558.  In  this  case  nuKst  of  the  light  is  eoiicen- 
ted  in  a  small  dot  and  this  dot  is  sharply  marked  off  fi-om  the 
lurrounding  region  by  destructive  interference.  But  if  the 
inage  dot  of  an  object  point  be  due  to  several  half-period  elements 
if  the  incident  wave^  the  distribution  of  illumination  will  be 
lomething  hke  that  represented  by  the  dotted  line  in  Fig.  558. 


fi  =  0.3 


The  dependence  of  the  shai7>nos^  of  the  image  on  the  number 
of  half-period  elements  of  the  h({ht  wave  that  are  incideni  on  each 
image  dot  is  shown  by  the  sorie-s  of  pictures  conatitu(iri(r  Fig.  559. 
The  photograplis  from  which  the.se  engravings  were  made  were 
produced  as  follows :  Several  small  circular  ajx^rtures  were* 
plaeed,  one  at  a  time,  about  half  way  between  a  luminous 
Bquare  and  a  photographic  ])late.  The  square  was  1.3  cm.  on  a 
pidc  and  the  distance  from  the  square  to  the  plate  was  somewhat 
over  10  m.  The  diameters  of  the  round  apertunis  wore  3.0  cm., 
1.53  cm.,  0.36  cm.,  and  0.11  cm.,  rcsj>ectively.  The  wave-length 
;of  the  light  used  was  alx)ut  X  =  0.00004  cm.  The  number  of  half- 
period  elements  uncovered  by  the  various  apertures  was  found 
y  means  of  (248)  to  be  2<X),  54,  3,  and  0.3,  respeetively. 
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DIFFRACTION  AiW  SCATTERING  OF  UGHT 

Fig.  559a,  shows  that  when  the   aperture  rr^-'--"-: 
number  of  half-period  elements  the  bright  dot  [ 
screen  by  light  from  each  point  of  the  object  is  st    i    .: 
resultant  figure  has  not  the  form  of  the  object,  b^i'   '  . 
of  the  aperture.    As  the  size  of  aperturt?  is  diniini.Mi*  . 
on  the  serecm  Ix^coines  niore  and  more  like  the  objixri  luiiil 
the  aperture  is  too  small  the  outline  of  the  fiRurt*  bectHiws 
In  the  case  now  being  considered  the  aperture  that  irooU  «n» 
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Fig. 
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the  boat  image  would  liave  a  size  between  that  uwcJ  for  c  aiait 

Fig.  559. 

Fig.  500  shows  a  similar  progrcasiou.     Ut-n^  th*-  uJijiTt  wa* 

luminoiis  rinrulsi 
diskl.5Grtii.ind] 
ol4"r,  and  the  aprt- 
turcs  wcro  tBqiom 
of  difftrn-nt  saet 
For  thorn  plMito- 
graplis  (ho  8qiure^ 
were  2.30  ghim  0.1 
cm.,  0.15  cm.,, 
0.06  nm., 
Fia.  561.  Fia  502.  ivdy. 


Th«  phatognph  reproduced  in  Fig.  561  wtui  tAkeii  nith  n 
of  such  a  diameter  that  oiio  half -period  element  wm  unoovmxJ. 
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diflphragm  to  the  ohjeot.  and  from  the*  diaphrtLgm  to  the  receiving 
,  w^ere  such  that  the  diameter  of 
kagc  dot  of  a  luminous  objeot  point 
L22  mm.  The  photugruph  repro- 
iii  I'ig.  d62  was  taken  with  a 
IT  aperture  that  uncovered  49  half- 
I  elements,  and  the  diameter  of  the 

dot  of  ejirh  objtwt  point  was  1.53 

The  distribution  of  the  illuminutlon 
e   imai^  dots  of  Fig.  6t>l   anil  Fig. 

kve  been  oompuled  and  i;lot(^J  in 


564    shows  the    image   of 

producetl  by  light  that 

ail   apertUR!   of   0.9 

element  when   the  dis- 

00  arc  such  tliat  the  diuniel^r 

t image  of  an  ohjoct  point  is 
The  Functions  of  a  Lens. 

1  the  two  preceding  Articles 
^  been  shown  that  at  an  image 
'Vravclets  from  the  different 
ts  of  the  aperture  reinforce  one  another,  and  that  this  bright 

is  marked  off  from  the  surrounding  region  by  a  dark  apace 


Fig.  S63. 
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produced  by  destructive  interference  of  wavelets  from  tk  ft' 
ferent  points  of  the  aperture.  A  satisfactory  image  of  a  hinm 
point  should  be  bright,  small,  and  sharply  dififerentiated  fnntti: 
surrounding  space. 

In  order  that  an  image  may  be  sharp,  the  diffraction  fiiipi 
must  not  be  bright.  In  order  that  an  image  may  be  bri^^t,  mi 
light  must  reach  it.  The  sharpest  image  is  that  produced  idie&tk 
aperture  uncovers  somewhat  less  than  one  half-period  ^emest. 
This  is  on  account  of  the  interference  of  light  from  different  hiX- 
period  elements.  If  by  any  means  light  from  all  parts  of  a 
aperture  could  be  made  to  reach  a  given  point  in  the  same  phut 
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then  tho.  larger  the  a|x?rture  the  brighter  would  be  the  image  with- 
out diminishing  the  shiirpncss.  This  is  approximately  what  fr 
iicfoiuplishcd  by  the  use  of  a  zone  plate,  a  converging  lens  or 
a  eonverging  mirror. 

Consider  a  screen  illununed  by  light  which  comes  from  a  point 
sourt'c  tlirough  a  large  ai>crture.  If  the  aperture  uncovers  a  lar?e 
tmnilKT  of  half-period  elements  the  distribution  of  illimiination 
on  the  screen  will  l)e  about  as  represented  in  Fig.  565.  If  there  be 
placed  in  the  aperture  a  lens  of  such  curvature  that  the  emergent 
wave  converges  to  Jl/,  the  spot  of  light  at  M  becomes  small  afid 
bright.  The  lens  causes  the  first-  half-period  clement  for  the  point 
il/  to  be  vcr>'  large.  In  fact,  practically  the  whole  of  the  convergini: 
wave  lies  inside  of  the  first  half-period  element  for  M,  But  for 
points  which  lie  very  close  to  M  this  is  not  the  case.    When  Ub 
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is  used  a  diffraction  pattern  ia  produced  just  as  if  the  lens  were 

present,  but  the  size  of  the  pattern  is  greatly  reduced,  and  the 

►rightnesB  of  tlic  wntral  dot  is  vastly  increased.     The  distribution 

'of  illumination  on  the  s<Teen  when  a  lens  is  used  is  somewhat  as 

rcprcRcnt-ed  in  Fig.  56<V     If  no  ronvergiug  lens  nr  tnirror  he  used, 

ko  image  dot  of  an  object  i>oint  will  he  shiirp  only  when  the  aperture 

[n  the  diaplira^n  is  so  small  that  it  uneovers  not  more  than  one 

lialf-period    element.     With   an   aperture   alone,    the   iniage   dot 

»nnot  be  both  bright  and  small  at  the  same  time. 

When  a  lens  Ls  used,  the  diaphragm  with  the  aperture  can  be 
tuitted.  If  a  lens  be  broken  into  pieces  aud  only  one  part  is 
or  if  a  lena  bo  partly  covered  by  an  opa<iuc  object,  the 
lage  will  be  thfc  same  as  when  the  entire  lens  is  usihI,  except  that 
|the  brightness  will  be  less.  This  corresponds  to  the  fact  that 
without  a  lens,  if  the  aperture  is  smaller  than  one  half-period 
element,  the  shape  of  the  bright  spot  is  that  of  the  object  and  is 
independent  of  the  shape  and  size  of  the  ajierture. 

Optical  images  arc  formed  only  by  the  reinforcement  and 
Idestructive  interference  of  light  waves.  The  purpose  of  tlie  lens 
is  to  imprint  on  the  wave  front  traversing  it  such  a  cur\*ature  that 
the  light  which  arrives  at  the  image  from  the  various  parts  of  the 
[emergent  wave  front  sluiU  l>e  in  the  same  ph:i.s«%  whatever  the 
lurea  of  the  lens  may  be.  When  a  converging  lens  or  mirror  without 
lalxirnition  Ls  usihI,  the  image  of  each  object  point  will  l>e  sharp, 
wliatever  the  siic  of  the  apt»rture. 

453.  Resolution. — Two  point  sources  may  be  so  close  together 
that  for  a  certain  aperture  the  two  image  dots  will  overlap,  whereas 
for  a  greater  ai»erture  the  two  will  be  separate.  When  the  two 
can  be  distinguished  as  separate  images  the  point  sources  are  said 
to  be  resolved. 

\Vhen  the  linear  distanc<^  l>etween  the  centers  of  two  image  dots 
is  greater  than  the  radius  of  one  of  them,  the  two  can  l>e  distin- 
.guishtHJ  as  separate  images.  It  is  commonly  assumed  that  the 
leniallcst  distance  between  two  point  sources  that  can  be  resolved 
lis  that  which  will  pro<luce  image  dots  whose  (tenters  are  separated^ 
^by  a  space  equal  to  the  radius  of  one  of  them. 

Fig.  5ft7]  is  from  a  photx>graph  of  the  image  dot  due  to  one  half-j 
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period  element  of  the  wave  from  a  tununouK  point.  Fig. 
shows  the  image  of  two  luminous  points  very  close  together. 
5673  shows  the  image  of  two  luminous  points  bo  close  toother  that 
the  distance  between  the  centers  of  the  Linage  dots  equals  the  radius] 
of  one  of  them.  Fig.  567*  shows  the  image  of  two  widely  separated  ] 
luminous  pobts.    In  Fig.  5672  the  points  are  not  resoh'ed;  in 


Fiu.  567. 

Fig.  5673  they  are  barely  resolved ;   in  Fig.  5674  they  are  widdy 
resolved. 

It  can  be  shown  that  short-er  distances  can  be  resolved  by  ft 
short  focus  lens  than  by  a  long  focus  lens,  and  by  a  lens  of  large 
ajierture  than  by  a  lens  of  amaller  ap<;rture.  Also,  that  by  using 
light  of  short  wave-length,  shorter  distances  can  be  resolved  than 
by  using  light  of  longer  wave-length.  In  astronomical  tcJcscopeB, 
points  apparently  coincident  are  resolved  by  the  use  of  lenses  of 
large  aperture. 

In  microscopes,  resolution  is  intrreased  by  the  use  of  short  focus 
lenses  and  by  illuminating  the  objec^t  with  light  of  shortwave- 
length.  If  the  spa^e  between  the  object  and  the  objective  of  the 
microscope  be  filloil  with  a  liquid  of  index  of  refraction  n  conipanfl 
with  air,  ligiit  entering  the  objective  will  not  have  the  wave-length 
Xi  it  had  in  air,  but  will  have  a  different  value  \2t  (230),  such  that 
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Consequently,  by  filling  the  space  between  object  and  objccti^T 
with  a  litjui*!  of  index  uf  refraction  relative  to  air  greater  than 
unity,  smaller  distances  casi  be  resolve^l  than  when  the  objective 
is  not  immersed.  By  using  a  liquid  of  about  the  same  index  of 
refraction  as  glass,  an  added  '\dvantage  is  secured — the  object 


m  be  illuinined  by  convergent  light  without  loas  by  reflection  at 
\e  surface  of  the  objective.  For  this  reason,  the  space  between  the 
bject  and  the  obje<?tive  is  frequently  filled  with  a  drop  of  cedar 
il  of  refractive  index  1.5.  The  unage  may  be  magnified  by  the 
yepiece,  howe\'er  much,  but  no  finer  detail  can  be  distinguished 
han  is  resolved  by  the  objective. 

In  any  optical  system,  each  succeeding  lens  should  have  a 
esoKing  power  not  less  than  that  of  the  objective.  Greater 
^solving  power  is  useless. 

464.  Penumbra. — Consider  the  illiunination  due  to  a  uniformly 
uminous  area  S  in  front  of  a  Kiuall  aperture  in  a  diaphragm  D, 
•4;.  568.  If  there  were  no  liifTriu't.ion,  the  illumination  at  any 
XttDt  of  a  screen  XX'  would  ilt'jHii^d  upon  how  much  of  jS  could  be 
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Fio.  569. 
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en  from  that  point.  The  illuniination  would  be  a  maximum  at  C, 
id  would  gradually  diminish  outwards  from  this  point.  At  the 
Iges  A  and  B  of  the  geometric  sliadow  of  the  diai>hragm,  the 
lunination  would  be  zero.  The  space  from  which  no  part  of  S  can 
!  seen  is  iu  complete  darkness  and  may  be  said  to  lie  in  the  shadow 
Dj  or  in  its  umbra.  The  space  from  which  a  part  of  S  can  be 
en  is  not  as  brightly  illumined  as  that  from  which  all  of  S  can 
!  seen,  and  is  said  t-o  lie  in  the  penumbra  of  D.  The  ]x*numbra  b 
dicated  in  Fig.  568  by  shailiiig.  The  distribution  of  illuniination 
I  a  screen  through  C  parallel  to  the  diaphragm  would  be  about 
;  repn«ent(!d  in  Fig.  5()9.  Thfi  edge  of  the  ^\ioi  is  not  sharply 
;finod.  Due  to  diffraction,  the  luminous  spot  on  the  screen  -Y-Y' 
ill  be  crossed  by  bright  and  dark  liues  parallel  to  the  edges  of  the 
)erture.  The  actual  distribution  of  the  illumination  of  the  spot 
be  approximately  as  represented  in  Fig.  570. 
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If  a  fipot  of  light  be  incident  on  a  pbotoj^raphir  plate  and  \l 
plate  be  developed,  the  picture  on  the  plate  will  be  Lugger  than 
spot  of  light  us  seen  by  the  eye.  This  is  due  to  two  fart3:  ThBJ 
photographic  plate  is  more  sensitive  than  the  eye,  and  the  eHedf 
of  the  light  spreads  lat(>rally  outward  through  the  sensitive  film. 
The  lat<?ral  spreading  of  the  light  effect  is  called  irradiation.  Due 
to  irradiation,  the  size  of  a  sjx>t  on  a  phot-ographic  plate  dcix-Jids 
upon  the  size  and  brightness  of  the  light  spot  an  well  as  upon  the 
duration  of  exposure.  This  is  the  l>asi8  of  a  method  for  the  deter- 
mination of  stellar  magnitude.  There  is  a  definite  law  connecting 
the  size  of  the  develojxid  star  image  on  a  given  brand  of  plate  and 
the  brightness  of  the  star. 

406.  Half-tone  Engraving.— At  the  present  time  most  printed  pictuRi 
iirc  made  from  |>lut';'w  onuriivcHl  hy  the  half-tone  process.  As  the  pfOce»Mi 
very  mtereating  ^ml  itnjiortant  application  of  the  principle  of  difTraclkMi, 
penuinbrul  grudutioM  riiul  irrudiation,  it  will  now  be  briefly  described.  Tltf 
aurfac.ea  of  the  printiiiic  plate  produced  by  the  half-tone  process  jire  broken 
into  dots  of  various  Hizes — large  dota  where  the  picture  is  to  be  dark, 
smaller  ones  whore  it  is  to  he  lighter.  In  coarse  half-tone  work  tlic  dota  u 
far  apart  that  thej*  are  verj*  noticeable.  Imt  in  fine  half-tone  work  they  an  M^ 
cloHe  tofcettier  tliat  they  are  Hcareely  observable  without  a  magnifying  glai^  | 
FiRs.  559  to  554  arc  half-tone  engravings*  from  photographs. 

To  produce  the  dots  a  photograph  of  the  object  is  taken  throu^  u  "lialf- 
tone  screen."  Thi»  screen  is  a  gla.-w  plate  on  which  eijually  si^aced  npaqW 
fuirallel  lines  liuve  boon  rule*!  in  two  pcq>endicular  direotion«.  The  dDitAiuv 
Iwtweon  atljaoent  lilies  iMpiaU  the  width  of  a  line.  Tltue,  the  transparcot 
HiuLoea,  or  apertures,  of  n  half-tone  screen  of  133  lintw  to  the  inch  are  cqti&ies 
uf  Vi«  of  an  inch  on  a  side.  Tlie  Imlf-tone  screen  is  placed  in  the  nunen 
between  the  plate  and  the  lens  and  close  to  the  photographic  plate. 

In  Fig.  571  suppose  that  the  object  of  whieli  an  engraving  is  rrquimi 
mnaiala  of  a  photographic  print  of  a  landsca;>e.  Parts  of  t-he  print  ore  dark, 
l>arta  are  high  lights  and  other  part^  are  in  half  tones.  P  ia  the  stop  til  the 
eamen*  lenrt,  NT  is  the  liiilf-tone  screen,  and  .V.V  ia  a  photographic  plate. 
liight  frojn  jiny  object  (lointtSi,  after  traversing  the  camera  st^fpand  onrof  tb8 
ftcnwn  iipi>ning»,  forms  at  I'l  an  image  of  the  camera  atop.  Wl\ct\  the  plaf  » 
devclopeii,  the  sizes  of  the  image  dots  will  depiend  upon  how  brigfatiy  the 
camera  stoji  wns  ilhiniintited  by  light  from  .^i.  Thu.s,  on  the  ncpkt  iw  thai  has 
been  taken  thrx^ugh  the  half-tone  screen,  the  bright  sky  will  conififlt  of  larp 
<iots,  the  ]mrts  corresponding  to  the  dark  parliona  of  the  original  will  eonsisi 
of  small  dota,  and  the  parts  in  half  tone  will  conaist  of  dots  of  ictcnnediatc 
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Jed  screen  nttgativo  ie  next  placed  on  top  of  a  sensitised  metal 
rdinary  photographic  printing  frame.      The  sensitive  film  on 
lathis  metul  plate  consists  of  gebtmc  (containing  either  potassium  bichromate  or 
i  ammonium     bichromate, 
light  renders  chroniatizwi 
^  geUline  insoluble  in  water. 
'  Otnaequejitly,  after  expos- 
I  ore  to   light,    the  parte  of 
<  the    duY>mati2ed     gelatine 
,  that  were  protected  by  the 
opaque     portions     of     the 
seroen    negative     can     be         i 
^  iraahed  away,  whereas  the 
I  parta  exposed  to  the  light 
'  viU    remain    attached     to 
the  plate.      After  washing 
(ttaUe*i   developing),   the  plate   shows  a   picture   of    the   original   in   raised 
gdutine  dots  on  a  polished   metallic   surface.      Aft^r  the  gelatine  has  been 
thoroughly  dried,  the  pbte  i»  heated  over  a  flame  till  the  gelatine  becomes 
a  hard  enamel.     The  back  of  the  plate  and  the  dot-s  of  enamel  on  llie  face 
are  next  co.'»ted  with  an  uciil-reaii^ting  film.    The  plate  is  now  immersed  in  an 
etching  8t)lution  of  iron  perchloride  till  the  exposed  metal  surface  between 
the  doL-f  is  dissolved  away  to  Hiich  a  depth  that  impressions  of  the  plate  can 
be  taken  in  an  ordinary  printing  press. 

466.  The  Concave  Diffraction  Grating. — This  important  device  for  pn>- 
during  fii>eotra  consists  nf  a  highly  potishcil  concave  metallic  surface  on  which 
area  large  numlwr of  fine,  equally  8puce<l.  imrallel,  non-reliertiug  linea.  Light 
incident  on  the  intermediate  reflecting  lines  is  diffracted  in  all  directions.  The 
dUstance  between  adjacent,  reflecting  linca  is  usually  from  0.0O01  to  0.00005  of 
an  inch. 

In  Fig.  572  are  represented  seven  reflecting  lines  of  a  concave  grating  O 
on  which  light  is  incident  from  a  plit  .S  situated  at  the  center  of  cur\'ature  of  the 
grating.  The  slit  is  parallel  to  the  grating  lines.  At  first  suppose  the  slit  is 
iilumincfl  \j'itli  monorhnjmatic  light-  From  the  center  of  each  reflecting  line 
represented  in  the  figure  are  drawn  .several  spherical  wavelets,  one  wave-length 
apart.  Surfaces  tangent  at  every  point  to  these  wavelets  are  wave  fronts 
advancing  from  the  grating  (Art.  157).  In  the  fig^uro  two  surh  wave  fronta 
are  represented — one  converging  at  /i  and  another  converging  at  /». 
Other  wave  fronts  will  converge  at  I'\,  /'-  etc.  In  this  manner  them 
will  be  formed  two  scries  of  images  of  the  slit — at  /i,  A,  etc.,  and  at 
/'„  /',.  etc. 

If  the  source  emita  tight  of  several  wave-lengths,  there  will  be  at  /i, 
and  at  /',.  /',.  etc,  an  image  of  the  slit  for  light  of  each  wave-length. 
le  images  are  8i>ectra  of  the  given  source.      The  spectra  at  /i 
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are  called  spectra  of  the  "firet  order;"  those  at  7s  and  at  V%  arc  called 
"aeoond  order,"  etc. 

A  concave  grating  *Tpeotrometcr  'm  shown  in  Rg,  573.     Atone  end  of  a  i 


^ 


Pio.  572. 

of  length  equal  to  the  radius  of  curvature  of  the  grating  w  mounted  1h<?  gnting 
G,  and  at  the  nther  end  is  mounted  a  rnmera  C.  This  rod  is  Hupported  00 
trucks  which  can  be  rolled  along  two  tracks  at  right  angles  to  one  another. 


FiQ.  573. 


At  the  intersection  of  the  tracks  is  the  alit  S.  It  can  be  shown  '  that  with  ihJB 
arrancPimMii,  the  wave-length  of  any  spectrum  Une  is  dirertly  pn>|H>r1if)Ml 
to  \W  rlifltanrr  of  the  line  from  the  intcntcction  of  the  trackn.  W«ve-len#lh 
meosuremente  are  ma^t  easily  made  by  means  of  gratings. 


*  Ferry — Physics  Mcasurementa,  Vol.  I,  p.  220. 
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467.  Scattering  of  Light  by  Fine  Particles.— If  liRlit  l>e  incident 
a  thick  cloud  of  large  particlcis,  lislit  of  all  wave-lcnjzl.hs  will  be 
lected  and  ver>'  Uttlo  light  will  be  transmitted.  The  reflected 
It  will  be  scMtered  in  idl  directions.     A  dense  cloud  of  large 

ides  of  dust  or  water  vapor  between  an  observer  and  the  sun 

Lfs  black.     Wlien  whit^  light  is  reflected  from  the  cloud  to  the 

rer,  the  same  cloud  appears  either  white  or  Rray. 

A  cloud  of  particles  of  smaller  size  may  reflect    light    of  the 

►fter  wave-lengths,  and  transmit  light  of  the  longer  wave-lengths. 

lus,  when  illumined  by  while  light,  the  light  reflected  will  be  of 

color  and  the  light  transmitted  of  a  different  color.  The  colors 
11  depend  upon  the  size  of  the  scattering  part-icles.  This  effect 
called  the  Ty^^^^^'  phenomenon.     The  formation  of  colors  by 

sciattering  of  light  can  be  readily  show:»  by  sending  a  beam 
light  from  the  sun  or  an  electric  arc  lamp  through  a  gla.**s  tank  of 
iter  in  which  is  a  cloud  of  fine  opaque  particles.     Sufficiently 
tail  particles  to  reflect  blue  and  transmit  red  can  be  produced  by 
pouring  into  water  an  alcoholic  solution  of  gum  mastic. 

The  g&a  molecules  and  the  particlnA  of  dust  aiid  w&t«r  vapor  high  up  in  the 

EnoRphere  are  m  small  that  they  reflect  little  but  blue.     This  is  the  reason 

lit  the  sky  ift  blue.     In  the  hotter  jwrtj?  of  the  earth  the  j>aiiirle.s  of  water 

|x)r  high  up  in  the  atmoftphere  are  Rinaller  tlian  in  the  cooler  regions.     For 

)  reason  the  sky  in  hnt  regions  \s  bluer  than  in  cooler  regions.     Over  an 

ustrial  rity  where  there  is  much  amokc.  the  sky  is  whiter  or  grayer  than 

T  a  rural  dlsttiict. 

The  red  and  orange  of  the  horimn  at  sunset  and  at  .•runriae  are  due  to  the 
that  only  the  waves  of  great  length  are  trausnitlted  by  the  long  layer  of 
dust  and  water  (wrticlesi  rloae  to  the  earth. 
Tlje  iri«,  or  colored  purt  of  the  eye,  conaiats  of  a  layer  of  colorless  niediun» 
retaining  fine  opaque  fuirticlcs,  backed  by  a  layer  containing  a  yeUowwh- 
DWTi  pigineiil.     Tlie  c<ilor  of  the  eyw  is  due  U)  the  a<-tiuii  of  ihew;  two  layers, 
hen  the  purtieles  in  the  front  layer  are  aufiicicntly  numerous  and  sutTiL-iently 
1,  the  eyes  arc  blue.     As  a  person  grows  older  tbose  particles  increase  in 
!  and  the  e>'es  becK)me  leas  blue. 

Light  from  autj^mobile  headlights  \a  ref1ecte<l  back  intii  the  driver's  eyes 

■  hiue  of  dust  or  water  particles  ahead  of  the  inachine.     This  glare  oon- 

largely  of  waves  of  the  shorter  lengths.     To  reduce  the  annoying  glare, 

lamps  arc  sometimes  provided  with  orange-yellow  glasses  which  absorb 

shorter  waves. 
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458.  Color. — The  term  color  Ls  commonly  employed  in  three^ 
distinct  senses.     SomelimeH  it  in  ust^d  to  denote  a  sensitiou,  some*] 
times  to  denote  the  cause  of  the  sensation  and  sometimes  it  rffei*) 
to  pigments  or  paints.     The  word  hue  is  often  employed  lo  denote 
the  cause  of  tlic  sensation.     Hue  is  a  definite  quality  detcmuned 
by  the  i)articular  wave-length  or  combination  of  wave-lengtli5  d 
the  light.     A  given  color  sensation,  however,  maj'  be  pnxiuced  by 
different  combinations  of  hues.     For  example,  a  mixture  of  nxl 
light  and  green  light  can  be  produced  that,  to  the  unaided  eyp,  i&J 
indistinguishable  from  monochromatic  >ellow  hght.     Again,  thftj 
sensation  of  white  may  be  produced  <uther  by  a  combinatinn  ofi 
light  waves  of  all  lengths  as  found  in  noonday  sunlight,  or  hy 
various  mLxtures  of  waves  of  but  two  different  frequencies.    Tk 
following  are  a  few  of  the  pairs  of  colored  lights  whi(*h  when  addtnl 
together  give  a  sensation  of  while  that  to  the  unaided  eye  is  iudi 
tinguishable  from  the  white  of  noonday  sunlight; 

Blue  and  yellow; 
Purple  and  gre^n; 
Blue-green  and  red. 

White  is  also  produced  by  the  mixture  of  red,  green  and  blue 
lights.  Any  hue  can  ]yc  produced  by  the  coml>ination  in  proper 
proportion  of  red,  gi'een  and  blue  lights.  None  of  these  tluxje  hues 
can  be  produced  by  the  combination  of  other  monochromatic 
lights. 

i69.  Color  Mixture  by  Addition. — When  colored  lights  are 
combined,  the  resxdtant  color  equals  the  sum  of  the  components. 
When  colored  lights  arc  combined,  red-f-green  give  yellow,  red+ 
blue  give  purple,  blue+green  give  blue-green,  red -I- green -f  blue 
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white.     Color  Tnixt.urc  ]>y  tuMition  cnn  ho  roproscnted  by 
|uations  as  Hows: 

ft+B-/*  and  R+a-\-B  =  W.  lUntro.  P-hO^W  or  P  =W-G 
H+Cf-r  and  R+0-^B  =  \\\  Hiii.  •,  i'-^B  =  \V  or  Y  ^W-B 
.fl+Cr-BCAnd    /2-f-<7  +  B  =  H'.      Heme,     «r;  +  fi-ir    or     «<7  =  Tr-R 

The  colore  of  two  lights  wliich  when  adtled  give  white  arc  called 
iditivc  complementary  colors.  Yellow  and  blue,  purple  and  green, 
tue-fcreen  and  red  nrv  iidditivo  cornpleineutaries.  Theoretically, 
»cre  is  an  infiriit<^  nurnlKT  of  pairs  of  additive  coinplementaries. 

460.  Color  Mixture  by  Subtraction. — Tht?  eolor-s  of  most  bo<lles 
■e  due  entirely  to  seleflive  absorption.  In  opaque  bodies  the 
Morption  occurs  within  a  thin  layer  at  the  surface.  After 
aversing  this  thin  layer,  the  light  that  has  not  been  absorbed 
ill  Ix^  diffusely  reflcMrtcd  and  will  emerge.  The  color  of  the 
aergent  light,  that  is,  the  color  of  the  bo<ly,  is  that  of  the  incident 
;ht  minus  the  colors  that  have  boon  absorbed.  No  body  ib 
onochromatic.  The  colors  of  all  bodies  are  due  to  waves  of 
ore  than  one  frequency.  For  example,  all  blue  {ind  all  yellow 
gment«  transmit  greeji  in  addition  to  the  dominant  eolors.  Some 
■(o  transmit  other  colors.  Color  names  are  quite  indefinite.  The 
me  name  Ls  used  for  colors  of  a  given  dominant  hue  even  though 
e  accompanying  hues  are  different. 
The  colors  produced  by  mixing  pigments  result  from  a  process 

selective  aljsori>tion  or  subtraction.  Let  us  represent  the  dom- 
ant  component  of  a  color  by  a  capital  initial  letter  and  the  accom- 
knying  components  by  small  initial  letters.  We  will  now  con- 
ier  a  mbcturc  of  blue  and  yellow  pigments  which  transmit  B-^g 
id  Y-\-g,  respx!ctively.  Sup]x)se  that  white  hght  first  traverses  a 
7  particle,  afterward  a  Yg  partielcj  antl  is  then  reflected  out  of 
e  medium.  The  process  can  be  represented  by  a  diagram  aa  in 
g.  o7'l.  Of  the  incident  white  light,  the  blue  particle  to  the  left 
ansmits  only  B  and  g.  Of  these  two  wavej?  the  lower  yellow 
irticle  transmits  only  the  green.  Thus,  after  traversing  the  two 
irticlea,  all  the  light  has  been  absorbed  except  green.     This  color 
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can  be  tranonitted  by  nibaeqiient  parttdee  of  either  mxrL  In 
this  fUftimer  a  mixture  of  blue  and  yellow  pigment  gives  green. 
This  is  a  subtraftive  pnioess.  It  will  b«, 
recalled  (Art.  458)  that  a  mixture  of  l^uej 
and  yellow  lights  gives  white.  This  is  ao! 
additive  process. 

There  will  be  some  blue  and  yellow  li^kt 
reflected  from  the  top  layer  of  particles.  The 
white  light  roBulting  from  the  oonibiQatioo 
of  theae  two  colors  dilutes  the  green  produmi 
by  the  subtractive  prooees. 
Instead  of  mixing  the  pigment*;  before  they  are  applied,  stupprw- 
that  yellow  is  first  applied  and  then  a  transparent  blue  is  super- 
posed. In  t  His  case  green  is  produced  as  before.  But  only  blue  ami 
green  are  reflected  from  the  upper  layer.  Therefore  the  resulline 
color  is  green  slightly  tmged  with  blue,  instead  of  green  diluted  with 
white.  In  water  color  painting  the  pigments  are  so  transp&icntj 
that  they  copiously  transmit  light  reflected  from  the  white  paper. 
When  a  saturated  mixed  color  is  desired,  that  is,  a  color  un- 
diluted by  white,  one  component  color  is  first  applied  and,  aft«r 
drying,  another  color  is  superposed. 

The  color  of  a  mixture  of  dyes  is  governed  by  the  portions  of 
the  absorption  spectra  of  the  components  which  are  common  to 
the  components.  The  greater  the  proportion  of  the  parts  of  tlw 
spectra  which  are  in  common,  the  stronger  will  be  the  resultAni 
hue.  The  smaller  the  proportion  of  the  parts  in  common,  the  duller 
the  resultant  hue.  If  there  is  no  color  in  common,  black  is  formed. 
A  mixture  of  blue,  yellow  and  red  pigments  gives  brown  or 
rusty  black.  Brown  is  also  produced  by  a  mixture  of  eitl»er 
orange  and  green  pigments,  or  red  and  green  pigments  of  cef*i 
tain  selective  absorptive  powers.  fl 

461,  Additive  and  Subtractive  Primary  Colors. — By  mixing  * 
certain  monocliromatic  red  light  and  a  (certain  monochromat 
grt^.'u  light,  a  hue  will  Ixi  produced  that  to  the  unaided 
indistinguishable  from  a  certain  monorhromatic  yellow, 
other  color  sensations  can  be  produced  cither  by  a  monochromat 
hue  or  a ntixture of  uionochromatic  hues.    But  red,  green aadUufi 
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ight  rarmot  be  obtained  by  mixiiig  other  nionooJirornatic  lights. 
[i  \s  found  that  white  or  any  other  color  can  be  produced  by 
mbdng  lights  of  these  three  hues.  Consequently,  red,  green  and 
blue  are  called  the  additive  primary  colors. 

The  colors  of  natural  bodies  are  due  to  selective  absorption  and 
»lwa>'9  consist  of  a  nuxture  of  two  or  more  uionochroniatic  colors. 
By  means  of  three  pigments  which  together  reflect  all  of  the  colors 
<rf  the  spectrum,  it  is  possible  to  make  a  color  mixture  which  will 
niatch  any  pigment  color  except  white.  The  colors  of  these  three 
pigments  are  a  certain  purple,  a  certain  yellow  and  a  certain  blue- 
green.  It  will  be  noted  that  purple,  yellow  and  blue-green  are 
^Iwcomplcmentaries  of  the  three  additive  primaries  green,  blue  and 
ltd,  respectively  (Art.  459).  The  three  colons  purple,  yellow  and 
blue-green  are  called  the  subiraciive  primaries.  In  popular  lan- 
Kuage,  these  colors  are  usually  indicated  by  the  more  general 
tiamea  red,  yellow  and  IjIup.  Henceforward  we  shall  use  the  latter 
liames  to  indicate  the  subtractive  primary  colors. 

The  color  obtained  by  mixing  any  two  of  the  subtractive 
Immaries,  red.  yellow  and  blue,  is  called  a  subtractive  secondary 
Color.  Each  secondary  is  said  to  be  aimplemenlary  to  the  sub- 
tnurtivc  primary'  which  it  does  not  contain.     Thus, 

■Subtractive 

Priroaries  BeeondarieH  OonipleiDeutaries 

r+fi  gives  0  B 

y^-B  gives  O  R 

R-\-li  gives  P  Y 

462.  Three-color  PhotoensraTtag. — A  picture  in  natural  aolors  can  be* 
toiAclc  from  three  printing  blocks  using  traosfMront  inks  uf  the  thrpe  subtrac- 
live  primary-  colors.  The  color  at  any  part  of  tho  picture  »  due  t«  the 
faoloni  there  superposed  on  the  white  paper.  The  three  printing  blocka  are 
jhu^ly  made  by  the  half-tone  process  (Art.  455.) 

In  the  most  common  pracrico,  twelve  separate  pliotnp-aphie  plates  must  be 
teade  to  produce  u  set  of  Ihree-coior  half-tone  printitiK  blocks.  First,  three 
r'oolor  record  negatives"  arc  made — one  for  each  of  the  jvrimiuy  colors.  The 
k»lor  record  negative  for  blue  is  made  with  a  tighl-fUter  whicli  abeorbe  blue 
pnd  tnuismita  the  other  colors.  This  negative  is  transparent  at  places  cor- 
responding to  the  blue  porta  of  the  object,  and  opaque  at  the  other  places. 
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SimiUr  color  reoord  neicatives  are  made  with  light-filters  which  mhaarh 

li|^t  except  yellow  and  red,  respectively. 

Seooodly,  a  f^:it»  pcMitive  i»  madr  of  nich  of  the  thre<e-oolor  record  negiritii 
Thirdly,  a  soreen   negative  (Art.  455)  10  mikde  ftv>m  each  of  the 

positives. 

Fourthly,  an  etched  metal  half-tone  block  ia  wade  from  caoh 

negative. 

463.  Color  Mixture  by  Juxtaposition. — If  a  surfax-e  cove 
by  small  spots  of  pigments  of  diffprent.  folors  be  \'icwod  from 
sufficient  distance,  the  surface  will  appear  of  uniform  color.    Con- 
sider a  surface  covered  with  small  dots  of  blue  and  ycUow  pig- 
ments.    The  light  reflectetl  from  the  surface  will  be 

But  B-\-  Y  light  =  W  light.    Therefore,  the  light  reflected  from  tbe 
dotted  surface  will  be  green  diluted  with  whit^i. 

The  inten.sity  of  the  light  of  a.  given  color  reflected  by  a  p^ 
ment  is  decreased  by  mixing  pigments  of  other  colors  with  the 
Tlie  green  obtained  from  small  dots  of  blue  and  yellow  pigment 
is  more  intense  than  the  grw-n  of  a  mixture  of  the  same  pigment*. 
Any  pigment  color  can  be  niatche<l  by  dots  of  pigments  of  the  addi- 
tive prirnur>'  colors.  And  the  color  reflected  from  a  surface  dotted 
with  the  i)rimary  colors  is  of  higher  chroma,  or  intensity  of  hue, 
than  that  obtainable  from  a  surface  painted  with  a  mixtiu^  of  the 
same  pigments. 

In  one  style  of  impressioni&tic  painting  great  brilliance  is  obtaloed  bv  the 
use  of  spots  of  the  uddittve  primaries  instead  of  hy  use  of  mixturvs  of  the  pig- 
ments. To  ubluin  the  proper  fusion  of  suoh  spoU,  the  ob!K'r%'cr  unisl  vie«  (^ 
picturi'  from  a  distance. 

In  the  laundry,  yellow  linen  is  made  to  appear  white  by  rinsing  in  mta 
linge<l  with  blue.  Some  ladies  of  sallow  complexion  use  face  powder  tinfT^ 
with  blue, 

4M.  Color  Photography. — Most  methods  of  making  photographs  in  coloP 
depend  upon  the  principle  of  rolor  mixture  by  juxtAix>sition.  In  the  liUroitV 
method,  the  color  spots  of  the  picture  consist  of  three  sets  of  starch  granules 
dyed  blue,  gnTii  and  red,  rcaijoctively.  The  dyed  granules  are  mixed  in  such 
proportion  that  the  mixture  is  of  a  neutral  gray.  A  close  layer,  one  granul* 
thick,  is  sprPA(J  ovrr  a  sticky  glas.**  plate;  the  spaces  between  th(»  gmnulp* 
filled  with  ail  impalpable  black  powder;  and  the  whole  is  coated  with  a  wst 
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Dof  varnish.     Over  the  varnish  is  spread  a  fUm  of  sensitive  silver  emulsion. 
h»  prepared  pUte  is  placed  in  u  (camera  with  the  glass  side  toward  the 
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Fi«.  575. 


Fig.  570. 


Suppose  that  the  object  beinK  photogrnphed  is  of  the  one  color  green. 

i\^e  (freen  light  from  the  objc«-t  vnW  he  transmitted  by  the  green  granule*, 

mt  not  by  the  uthere.     On  developing 

ihfi  latent  image,  black  dots  of  rcfluced 

nlwr  will  be  formed  l>chind  tlie  grL>cu 

pitiuiea  which  transmitted  hght.     The 

oiukion  behind  the  other  grunules   is 

Uiuifftt:te<i,   Fig.   575,     Now,   instead  of 

'fiiang"  thp  plate  w  in  the  dfvelopraent 

»'  un  orduuiry    nogiitivc,    the  silver   is 

disnlved  out  i>f  the  black  (iip(»t8  by  meflii.i 

*>f  ft  solution  uf  potassium    bichromate 

*nH  sulphuric  acid.     The  fi[K»ts  foruirrly 

^•Iwk  are  now  trnnsparent.     The  t^mulRioii  iK'liind  the  red  and  blue  granules 
HtiU  unaffected. 

The  pla1«  Ls  again  washed,  oxpof^od  to  whiti^  light,  dcvelojxid  and  wa-ihed. 
IluB  exposure  to  white  light  and  se«tnid  di-vi'Iupnicril  htut  pn>diife<l  opaque 
hpote  behind  the  red  and  bhie  granules,  Fig.  576.  The  picture  is  a  positive 
kttdt!  up  of  green  dotA. 

On  looking  throng  the  plBte  one  sees  a  greon  imag*'  of  the  green  object. 

Lf  lh<'  object  emitted  light  uf  all  mliirs,  the  pirUu-i-  on  the  phiss  would  be  in 

Uie  natural  colors  made  up  of  dt>ts  uf  the  three  additive  prfniarios  blue,  green 

kn^J  red.     The  dots  arc  so  snwiH  tliat  they  are  not  scparat<;ly  distinguishable  by 

ieeye. 

466.  The  Young-Helmholtz  Theory  of  Color  Vision. — Our 
Solor  sensations  are  u-s  thi»ug]i  Ihii  ri'tiiiu  wcro  proviiiod  with  throe 

sets  of  w^nsory  elements  or 

nerves,    one    of   which    is 

higfily    sensitive   to   blue, 

i>tu^   to  gn»en  and  anr^thcr 

to  reti.     Elaoh  sensorj'  ele- 

tiiunt  may  lie  thought  of 

as  sensitive  to  a  less  degree 

throughout-  a  conKiderable 

rang!*     of     wave-lengths, 

•he  relation  between  the  wave-length  of  the  Hght  whirh  etimu- 

ktes  these  nerves  and  the  intensity  of   thr   sensation  t^o  which  i. 

Bven  stuniilation  giv(^s  rise,  may  l>e  somewhat  as  represented  i- 


024 


COLOR  SENSATION 


Fi(£.  577.     The  sensalion  of  white   is  prcxiuctyl  when  \he  tJ 
s<»ts  of  K'nftt)rj-  elenionts  are*  «|Uiillv   sluiiubitiHi. 

466.  Color  Blindness.— There  are  a  few  poople  whose  o 
flCUHations  are  as  though  their  retinte  were  provide<l  with  liut  U 
set*  of  sensor>'  eleiuouts.  These  persons  are  said  lo  have  did 
vision  or  to  be  blind  in  one  color.  Cases  have  been  deserilied 
which  two,  and  even  all  three,  nf  the  eolor  fiensations  of  the  DormJI 
eye  werx!  abwmt.  The  most  eoniinon  fonn  of  dichroic  \ision  m 
red  blindness.  A  few  people  arc  green  blind.  Blue  blindiiesiij 
extremely  rare. 

The  sixH'truni  as  seen  by  a  red-l>lind  person  docs  not  rxtei 
so  fur  toward  the  long  wav<^len^hB  as  it  does  to  a  persun  wit 
nonnal  or  trichroie  visi(ni.     There  is  a  re^(»n  at  r,  Fig.  ;*)77. 
whi<'h  a  neutral  gray  is  per<fived.     The  spoetrum  a^s  seem  by 
green-bliral  person  is  without  gn**^"  and  has  a  neutral  gray 
at  g,  Fig.  .577.     To  a  red-bhnd  ixM-son  the  bUioH  will  match  roOjl 
and  dark  greeiiH  and  browns  will  match  dark  red.     To  a  pnvD*i 
blind  person  the  Hght  greens  and  grays  wiU  match  rose,  and  the 
light  greens  aiul  lirowns  will  niateh  dark  re<i. 

Color   liliiidiH'ss   in  organic,   inheritc*]  and   incurable.    It 
not  ufTectod  by  training  in  color  matching.     An  artifi<:ial  cole 
blindness   is   sometunes   caused   ijy   tobacco   or   alcohol.     Al«'irt' 
4  \H'V  cent  of  men  are  color-bhnd  and  alxjut  one-t**nth  of  I  \rt 
cent  of  women.     A  larger  nuinhrr  have  color  weakness.     Thcpm- 
jn  III  ion  of  rolor  blitui  in  greatest  among  the  t2*i^^^*'i^  *"^<^  the  Jews. 

Dalton,  the  Kngiish  clienust,  who  was  red-blind,  nia<Ie  tin? 
first  Bysternatie  study  of  the  phcnonienon.  Retl-blitidnu«  » 
still  Ktirnetinics  culled  dalttniistn.  It  is  mlate<l  thai  the  Quaker 
rnc<'1ing  of  wliicli  Dallon  wa.s  a  mcmbtn*  was  once  sliockcd  to  sec 
hiin  enter  attired  in  the  drab  eoat  and  knee  breeches  of  the  sect— 
and  brilliant  red  stockings. 

A  person  who  is  either  red-blinil  or  green-blind  cannot  dis" 
tingiiish  by  sight  u>d  fruit  from  green  fruit.  To  a  retl-bhnd  p<'r?on 
1  lie  aziui;  (tf  the  sk>'  prfiduees  a  color  sensation  simihir  to  thai  pn>- 
ducod  l>y  a  l)lnsh  on  a  maiden's  cheek. 

467.  Color  Contrast. — Lay  a  piece  of  red  pajx^r,  about  an  iiwli 
in  diameter  and  attiiclK^l  to  a  ihixifld.  on  a  she(*t  of  white  ])a|)iT 


Fix  the  glance  attentively  on  the  mi  spot.  If  uftn-  alM)ut  a 
minute  an  assistant  jerks  away  the  red  paf)er,  the  fi[X)t  (tf  white 
paper  uncovered  hy  the  piece  of  rc-d  paper  will  appear  greenmh.  If 
instead  of  red,  a  piece  of  yellow  paper  had  been  used,  the  after 
image  would  have  Leon  i)luiMh.  Whatever  thi*  oilor  of  the  small 
^ieoe  of  paper,  the  after  inuige  is  of  api>roxiniately  tho  complc- 
iwutary  color.  The  fonuation  of  an  after  inmp:e  of  a  color 
approximately  complementary  to  the  color  on  which  the  glance 
had  pre"viously  rest<»d  is  called  succe^tinve  cmitrasi. 

As  the  plance  moves  from  one  color  to  another  the  coin]>le- 
liR'titary  of  the  first  color  is  carried  ahwij:^  mul  jut)dih<'rt  the  sensation 
produceti  by  the  second  color.  If  green  and  red  spots  ai*c  in 
tJonlart,  the  sensation  of  pn-en  will  be  si renj^l hcued  hy  the  green 
after  image  of  red,  ami  thesensalinii  of  red  will  lH'strenj!;1.hem-d  by 
the  xva\  after  iinuge  of  grec'ii.  If  black  1h^  placed  next  to  whit<>,  t.he 
black  will  appear  blacker  and  tlu*  white  will  ap]x'nr  whiter.  Two 
■tvjmplcnicntjiry  colors  are  stit^ngthened  by  jiixtn]M>sili<ni.  The 
beneation  of  any  color  is  m<xlified  by  the  coniplementiuy  of  an 
Adjacent  color.  If  yellow  l)e  pLieed  next  to  red,  the  yellow  will 
(ftppear  greenish  and  the  red  will  appear  bluish. 

Many  pairs  of  colors  placeil  side  by  side  apixmr  to  "  run  " 
kt  the  line  of  contact.  This  effect  can  l>e  prevented  by  separating 
Ihc  colors  by  a  black  or  a  white  line. 

After   images  and   successive   contrast   are   probably   due  to 

tetinal  fatigue.     In  t^'nns  of  the  Young-Helruholtii  ('olor  Theory, 

let  us  supiK>se  that  the  rc^  sensor>'  elements  at  a  s]K)t  of  the  retina 

pave  Ix^come  fatigued.     If  now  white  hghL  be  incident  on  that 

t  of  the  retina,  only  the  blue  and  the  green  sensor>-  elements 

ill  be  strongly   afTected.     Hence,   tlie  after  image   will   consist 

rgcly  of  the  compleiuentjiry  culor  to  that  which  produced  the 

tigue.     The  after  image  will  Ixi  weak  if  the  fatigue  be  slight. 


468.  The  Color  of  Land  and  Sea  Produced  by  Scattering  of  Light.  -The 
Bolor  of  ii  ilLHtuiit  uiKUiit-iiiii  di<{HMuU  ti|>(»ii  the  color  of  tlic  irifidenl  tiglit  and 
ftipan  the  color  nlworUfl  fn>m  tht-  retlert^xj  light  whih^  lrav<;liiig  frf.iii  the 
knouiituin  to  thu  nUmvyvr.  On  n  (-k-:ir  (hty  :iii  inluiid  iiiuuiituiii  w  iUuniiiicd 
by  btue  skylitcht  mid  con8W|iii*utIv  }ippi*4ir»  hluish.     But  if  tiio  uiouiUnin   bti 
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reddish  hup  will  he  imparted  to  the  light  traveling  to  the  obscn'cr,  and  (he 
mountain  will  appear  reddish-blue,  violet,  or  piirplc  {ArX.  457).  V'iolcl  »"w* 
cannnt  be  j^iven  t<i  ()bje<^ts  in  the  foreground  or  when  the  sky  is  overcast. 

Cl«ir  water  is  vury  slightly  bluc^green,  VN'hen  water  is  still,  it  appears  of] 
the  color  of  the  sky,  whatevor  its  own  color.  But  when  broken  into  wa^-es  itf ' 
own  color  cnodifiea  thu  blue  from  the  sky.     It  is  impossible  to  have  a  bio* 

when  the  sky  is  overcast. 

The  color  of  ire  is  that  of  water  except  aa  nu>dified  by  the  presence  of  air 
bubbles.  When  light  goes  from  water  or  iee  to  air,  much  of  the  light  is  toijJly 
reflected.  For  this  reason  a  mass  of  foam,  anow  or  ice  containing  bubbls 
of  air,  appears  white. 

When  an  object  is  in  shadow  it  is  lew;  illumined  than  when  not  in  shadcv, 
but  (he  I'olor  is  unchanged  exeept  oa  mtidificd  by  light  from  the  sky  or  RU^ 
rounding  nhj«*ts.  I'nder  a  blui*  sky  f<hadowp  arc  bluish.  The  weak  wH 
ahadow.'^  whit-h  nre  notifeablc  when  a  snowy  landscape  ifi  ilhiminctl  by  a 
yellow-red  sunset  are  due  to  a  difTerent  cause.  This  is  an  effect  of  itjutrsst- 
If  the  eye  has  lookeii  at  yellow-red  and  is  then  turned  away,  the  sensation  ai 
violet  I.S  always  inducdi.  And  so,  as  the  eye  moves  from  the  j%*llow-rw 
light  on  the  snow  to  the  gray  shadow,  a  sensation  of  violet  ia  induced  and  the 
shadow  appears  violet. 

469,  The  Color  of  a  Body  Dependent  upon  the  Color  of  the 
Incident  Light. — Two  bodit's  niiiy  match  in  color  when  illumined 
by  white  light  and  be  quite  tliffeient  in  cglor  when  illuniinod  by 
colored  light.  For  example  consider  the  coloring  matter  of  plants 
called  chlor()]>hyl!.  TIuk  substance  transmits  green  freely  aini 
yellow  and  rotl  to  a  consideruble  degree.  The  red  and  [>art  of  ihfi 
green  combine  to  produce  the  sensation  of  white.  Thus,  the  color 
sensation  produced  by  the  transmitled  and  reflected  light  u*  a 
mixture  of  \'elk>w^  gro<^n  and  wlute.  It  in  usually  called  yellow- 
green.  When  illumined  by  red  light,  chlorophyll  .'^hows  red.  But 
a  yellow-grccn  pipnent,  containing  no  re<i,  which  matches  chloro- 
phyll in  whit-e  liRht  will  api>ear  black  in  red  hght.  If  a  green  leaf 
and  a  board  paint-ed  green  are  viewed  through  a  piece  of  red  glass 
the  former  will  appear  red  and  the  latter  black. 

During  the  first  fmrt  of  the  Great  War  certain  military  objects  sil 
amid  green  fohage  were  painted  green  for  the  pur|>o8e  of  reducing  their  vifr 
biUty  to  di^rjint  observerB.  It  was  soon  found,  hownvej,  that  the  cAmoufljM!^ 
was  iiiclTective.  Tlic  enemy  aviators  hud  l>een  supplied  with  glasses  of  tfa« 
proper  color  to  diHtinguiah  the  green  ronhiining  red  from  ordinani-  pigmoit 
green.    Afterward  the  composition  of  the  pigment  greeo  whs  corrected. 
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The  American  army  uniform  is  of  a  dull  orange-yellow  color  which  at  a  di»- 
Uoce  is  inconspicuous  in  either  a  background  of  foliage  or  of  barren  ground. 
But  when  observed  throu^  yellow-orange  glass  the  uniform  appears  lighter 
tiban  surrounding  foliage,  and  when  observed  through  blue-green  glass  the 
onifonn  appears  darker  than  the  foliage. 


Questions 

1.  Upon  what  does  the  color  sensation  produced  by  an  object  depend? 

2.  What  will  be  the  appearance  of  a  "  blue  print  "  in  red  light? 

3.  Why  do  purple  flowers  appear  red  by  lamplight? 

4.  What  color  of  hat  or  waist  would  cause  the  complexion  of  a  pale  blonde 
^  appear  more  rosy? 

5.  What  color  of  dress  would  diminish  the  yellow  of  a  sallow  complexion? 


CHAin^KR    XXIX 
DOUBLE  REFRACTION 

470.  The  Phenomena  of  Double  Refraction. — In  the  cuse  of 

Klauss  JiTuI  olhor  i.s<)iropi(;  riu'diji,  to  whit^h  dui*  atlciifcion  has  l)cen 
liiuitL-vl  up  to  the  pnisout  time,  hght  is  trunrinuttetl  witli  the  sanw 
spCMxi  in  nil  ilirtM'tionK.  But  in  a  largo  iirojxirlign  of  crj-slals,  ligbt, 
heat,  aiu!  mrchaniral  vibrations  an.*  transiuitted  with  diffen^l 
sptic^ls  in  flilTnront  directions.  Surh  subslani^es  arc  ralltil  aniic-i 
tropic  media.  Calcite,  sometiine^  called  Iceland  s|mr,  is  a  strikingj 
example,  while  (juarl  z  and  touniialinc  have  the  same  projxsrty  to  a 
less  degree. 
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On  lorikiuK  thmugh  a  i:rj*stal  of  ealcite  placed  in  front  of  S 
briphily  illuniiiuvl  a])crture  one  will  usually  see  two  spots  of  li( 
inHtead  of  om*.  If  the  dinK'tion  of  the  incident  light.  *^A,  Fig.  51i 
be  nonnal  to  the  bjise  of  the  crj'stal,  one  ijoriion  of  the  lij^ht  will 
transmitted  undeviatcd  us  in  the  case  of  glafjs,  while  another  p 
tioTi  will  be  dt'viated  at  .'1,  ajjuin  at  /),  and  will  toiiorjre  parallel  to 
the  original  dirt^etion.  On  rotating  the  crj-stal,  the  spot  of  liglit  0 
will  remain  stationary  while  the  spot  E  will  rotate  about  it.    T 

ht  propagated  in  the  direction  .40  obeys  the  ordinary  laws 
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refraction  (An.  165),  but  the.  light  propugiiUMl  nloiig  tho  path  ADE 
ilow*  nut  obey  these  laws.     If  the  direction  of  the  iuciileiit  liglit  is 
ul»liqiie,  Fig.  579,  one  of  the  refracted  ray.s  obeys  the  ordinary 
laws  of  refraetion   whereas  the  other  does  not.     The  ray   that  ^^ 
obeys  tJie  ordinar>'  laws  of  refiwtion  is  called  the  ordinary  ray;  ^M 
the  ray  that  doe.s  not  olx'i'  these  laws  is  railed  the  njctrnordiuary  ray.  ; 

Since  the  li(?ht  along  the  ordinary  antl  akmg  the  extraordinary 
tays  has  boon  deviated  from  its  orij^inal  dire<^tion  by  ilifTereiit 
amounts,  the  speed  along  these  two  rays  must  be  different.  Oa 
looking  tiu-ough  the  crystal  toward  the  iiluniined  ai^rture  in  the 
diaphragm  one  will  observe  that  the  bright,  spot  corresponding  to 
^iieorthnary  ray  app-ars  to  bo  nearer  the  observer  than  the  <>th(?r, 
^yg.  oKO.  Therefore  tlie  liglit.  propagated  along  the  ordinary*  ray 
Buffers  the  greater  change  of  spceit  on  cnteiiug  the  rrystal  and  on 
emerging  into  the  air,  CoiLseciuently^  tti  a  crynlal  rtf  calcite,  the 
Speed  iilong  the  onlinai'y  ray  is  less  than  the  speed  along  the 
3ttra<jr{liTiary  ray. 

There  is  one  direction  in  which  lipjht  can  bo  propagated  through 
i  crystal  of  calcite  without  siiiTtning  *louble  refrtu'tion.  When 
ight  traverses  a  crystal  in  tliis  direction,  the  ordinary  ray  and  the 
xtraordinaiy  lw>eome  coincident.  A  direction  in  wJiich  liglit  can 
«  propagated  in  an  anisotropic  substance  without  the  occurrence 
f  double  refraction  is  called  the  optic  axin  of  tlie  substance.  Some 
ubetance.s  have  two  optic  axes. 

The  optic  axis  of 
crystal  of  calcite  is 
he  direction  of  a  line 
hat  makes  equal 
ngles  with  the  three 
dges  of  one  of  the 
ittiisc  triliedral  ungles 
f  the  crj'sial  \ 
.litne  parallel  to  the 
ptic  axis  of  a  crystal 

nd    perpendicular   1o   the  face  on   wliich   light  is  incident   is 
allod  a  principal  pltinr  of  the  crystal.     For  a   ciystal   of    c^dcitc 

fing  all  the  edges  of  e^jual  length,  Fig.  581,  the  optic  axis  is 
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parallel  to  the  line  joining  the  obtuse  trihedral  angles.  Any  plane 
parallel  to  the  bimcied  section  us  a  principal  plane  of  the  rr>'stjil: 
relative  to  the  faces  ALW  and  PQ. 

If  the  light  emerging  from  the  crjTrtal  be  examined  by  the  aid 
of  a  inirror  placed  at  the  angle  of  maximum  polarization  (Art.  383), 
or  by  the  aid  of  any  other  detector  of  plane  fiolarizefl  light,  it  will 
\je  found  that  the  light  along  each  ray  is  plane  polarized,  and  that 
the  planes  of  polarization  of  the  light  in  the  two  rays  are  at  right 
angles  to  one  another. 

Ordinary  light  bwomw  polarizpd  on  travprsinK  n  piece  of  gla^i  or  olho" 
isotmpic  Bubfitance  that  is  iindcr  Htress.  That  is,  glass,  or  other  isotropie 
eubetance  is  rendered  doubly  refractiug  by  the  application  of  mcchanicul  strcas. 
By  examining  the  tmnsmitted  tight  with  the  aid  of  u  det«;tor  of  polarised  Ughl 
Ihe  direction  of  the  strtssa  can  be  detrnnincd  and  alflti  the  approximate  ma*- 
nitude  of  the  stress.  When  u  inass  of  hot  glu^  cools  loo  suddenly,  stroBis  irc 
BPt  up  in  it  which  diminish  ila  ability  to  withstand  nhocks.  The  presewjeof 
these  Btnsses  can  be  eaaily  detected  by  examining  the  specimen  with  the  anl 
of  Homc  detector  of  polarized  liRht.  To  pn-vcnt  these  internal  stresses,  ^itx^ 
must  be  annealed  by  cor>ling  so  slowly  that  the  internal  strains  have  time  to  b« 
relieved  before  the  molecules  acquire  hxcd  positious. 

471 .  Fresnel's    Theory    of    Double    Refractioa. — A    theory 

of  double  refraetion  niiist  ccwnliiiaU*  the  foUowing  fnel^: 

(a)  Lip;ht  traverses  certain  substances  with  speeds  which  are 
difTenint  in  different  direetiona. 

(b)  In  some  substances  there  is  one  and  in  some  substances 
there  are  two  directions  in  wliieh  light  can  be  transmitted  witlioul 
double  refraction. 

(c)  In  all  other  directions  an  incident  wave  is  divirled  into  two 
waves  wluch  traverse  the  sul^stance  with  different  speeds. 

(d)  The  li^ht  in  each  of  these  waves  is  plane  ix>larized,  and  the 
planes  of  polarisation  of  tlie  two  waves  are  at  riglit  angles  to  ono 
another. 

A  crude  and  im|ieffect  analogy  sugpesta  itself.  Consider  i 
long  Hteel  rotl  of  reckmgular  cross-sect ioii  ^\*ith  one  en<i  fastened 
in  a  vise  and  the  other  end  free.  If  the  free  end,  Fig.  582,  l)c  dis- 
placed in  the  direction  .4.4'  and  then  released,  a  restoring  forf* 
will  be  developed  in  the  direction  4 'J  which  will  cause  the  fnt* 
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end  to  vibrate  along  this  line.  This  vibration  will  bo  propagated 
oJong  the  length  of  the  rod  with  a  certain  speed.  If  the  free  end 
had  been  displju^  in  the  dirc<*tion  BB'  a  greater  restoring  force 
would  have  Ix-on  deveIope<i  in  the  direction  B'B  aud  the  vibration 
would  have  been  transmitted  (iow7i  the  rod  with  greater  speed.  If, 
however,  the  free  end  is  displaced 
in  the  direction  CC*  the  resU)ring 
force  is  the  resultant  of  forces 
in  the  directions  ^4^4.  and  H'li. 
This  produces  a  vibration  of  tlit* 
free  end  of  the  nul  wliich  is  ihv. 
resultant  of  a  vibration  in  the 
line  .1.4'  and  anotlier  in  the  di- 
rection BB\  Since  these  vibra- 
tions are  of  different  periodn,  two 

waves  of  different  speeds  will  be  sent  siniult^ineoiisly  down  the  ro<I. 
Consequently,  the  disturbance  protiuced  by  the  original  tiit*p]:ice- 
ment  in  the  direction  CC*  has  been  resolved  into  two  waves  polar- 
ized Ht  right  angles  to  one  another  and  traveling  with  unequal 


We  may  think  of  ordinary'  or  unpolarized  light  as  consisting 
vibrations  which  occur  successivels'  in  all  directions  nomial  to 
the  line  of  propagation.  Plane  polarized  light  consists  of  vibra- 
tions in  a  single  direction  normal  to  the  line  of  propagation. 
We  may  then  imagine  that  on  entx-ring  a  doubly  refracting  sub- 
st*nr^,  the  vibnitiniis  of  a  wave  of  ortlinary  light  are  quickly 
altered  in  direction  till  all  the  vibrations  are  limited  to  two  direc- 
tions at  right  angles  to  one  another.  That  is,  the  incident  wave 
has  boen  polarized  in  two  planes  at  right  angkrs  to  ojic  another. 
This  change  has  Ix^m  effectcul  without.  iil>s()rption  of  energy  and 
the  energ>'  in  the  incident  wave  has  been  equally  divided  between 
the  two  transmitted  waves. 

feThe  phenomena  of  double  refraction  suggest  that  light  vibra- 
ns  in  a  dcKibly  refracting  crystal,  like  nicchanicid  vibrations 
in  a  flat  spring,  have  iliffcicnt  a]>eeds  for  thHcrcnt  directions  of 
vil)ration.  It  is  found  that  in  the  case  of  substances  of  which 
ite  is  an  example,  the  speed  parallel  to  the  optic  axLs  is  least. 
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Fig.  583. 


and  lh«  speed  perpeiKlicular  to  the  optic  axis  is  greatest.  In 
terms  of  thti  previously  consideretl  analogy,  the  liglit  vibrations  in  n 
specimen  of  calfito  C,  Fig.  583,  in  which  the  optic  axis  .4A'  is  in 
tho  pliiiH'  of  the  puix^r,  correwjjond  to  the  mechanical  vibrations  of 
a  flat  spring  SP  which  is  wider  in  the  plane  of  the  paper  thun 

in  the  direction  normal  to  the 
plane  of  the  paper.  If  the  >-pring 
vibrates  peri>endicnlar  to  tfa»^ 
paper,  waves  travel  slowly  in  the 
direction  SP,  and  if  the  spring 
vibrates  in  the  plane  of  the  i)aper 
waves  travel  faster  in  tlie  <iirfH'- 
tion  .SP.  So  it  may  be  that  if  tho 
vibrations  of  the  light  waves  in 
iiiv  crystal  arc  pcrpendicuhir  to 
AXf  the  waves  which  travel  in  the  direction  perjx'ndicular  to  .l.Y 
go  slowly ;  wlu-reas  if  the  vilinitions  of  tlii'  Hght  waves  in  the  cmtJil 
are  patnllcl  to  AX,  the  waves  wtuch  travel  in  the  direction  per- 
pencliciilar  to  -l.V  go  faster. 

When  the  fi*e<;  en<.l  of  the  spring  is  displaced  in  any  ilii-cctiou 
inclined  to  the  long  axis  of  its  eross-sortion,  and  then  released,  two 
plane  ixilaiized  waves  will  l>e  produccHl.  Tliese  move  along  (he 
lnngt,h  of  the  spring  with  different  speeds,  and  their  planes  of 
[Xjlarizatioii  are  iKTix^iidieular  to  one  another.  Since  light  \iljro- 
tions  have;  ililTerent.  speeds  in  different  directions  of  a  doubly 
refracting  sul)stance,  we  should  expect  that  if  a  wave  consisting  of 
transverse  vii  orations  in  all  dircctions  is  incident  on  snch  a  s»ib- 
stance,  tlie  wave  will,  in  general,  l^e  resolved  into  two  compooeDU 
fjolarized  at  right  angles  to  one  another.  In  the  section  repre- 
sented in  Fig.  58^^,  one  set  of  vibrations  will  be  in  the  plane  of  the 
pap4M-  and  the  other  in  a  plane  perpendicular  to  the  plane  of  the 
pa|)er.  If,  however,  the  inciflent  wa\'e  advances  in  the  direction 
of  the  ofjtic  axis,  all  the  vibrations  will  Ixi  peipendicular  to  the  axis 
and  no  ijolariralion  will  Ik^  prrMJuced. 

Fig.  5S4  ro|>resents  a  section  of  a  doubly  refracting  8ul»staiiCL' 
cut  p{ir:illei  to  a  principal  plane.  Each  f>oint  of  the  surface  HD 
on  which  a  wave  impinges  will  be  a  center  from  which  two  waves 
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[I  lx>  propagate  in  all  rUrwrtions.     Consider  that  part,  of  the 

ight  whirh  travels  in  thi^  plane  of  the  |wiiM*.n     We  niay  tliink  of 

.hv  vihnttions  of  om»  of  the  waves  traveling  in  this  plane  ns  l>einf( 

the  piano  of  th(!  paper,  and  the  vibrations  of  the  other  wave 

ivelittg  in  this  plane  lii*  being  iK^rpendiciilar  to  the  yAiiue  of  the 

iper.     In  Fij^-  ^^^   we  shall  consider  the  waves  in   which  the 

ibrations  are  in  the  principal  plane,  and  in  Fig.  585  we  shall  con- 

BJder  the  waves  in  whieh  the  vibruiionia  are  perpendicular  to  the 

triiK'ipal  ]>lane. 

In  Fig.  584  the  wave  originating  at  aoriie  fioint  C  will,  in  a 
trtain  int<'rval  of  time,  luive  traveled  a  distance  CE  parallel  to 


IhL 


> 


X 

Fio.  585. 


3  optic  axis  and  a  ffreaier  distance  CF  perpendicular  to  the  optic 
The  trace  of  this  eleinentar>'  wave  front  on  the  pnneipal 
ilane  of  the  crystal  is  not  cin-ular  but  is  elliptical.  Trares  of  the 
ravels  originating  at  |>oirits  li  and  D  are  also  sho\\7i  in  the  diagnun. 
I  The  envelope  of  these  elementary'  wave  fronts,  0//,  is  the  wave 
front  of  the  refracted  wave.  Light  from  C  meets  the  new  wave 
^front  at  the  point  of  tangency  of  the  elementary  wave  and  the 
lenvelfifK'.  In  an  anisotropic  crystal  the  ray  is  generally  not  normal 
♦o  the  wave  front.  When  the  wave  emerges  from  the  cr>-sta!. 
earh  point,  of  the  surface  In^comes  a  center  of  distiirljanco  from  which 
|ephericiil  waves  art*  sent  uito  the  air.  Conse<juent!y  the  ei 
ray  is  normal  to  the  wave  front  in  the  air. 

By  the  aid  of  Fig.  585  we  shall  consider  the  wa^'e  in  the  cr>'8tal 
liie  to  vibrations  normal  to  the  principal  plane.     In  this  case,  the 
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disturbance  oripnating  at.  some  poiul  C  will  in  a  certain  intomiJ 
of  time  havt'  traveled  a  certain  distance  CE  parallel  to  the  optic 
axis  and  an  etjual  distance  CF  ixrrpendicular  to  the  optic  axis. 
Conse<|uently  the  trace  on  the  principal  plane  of  the  cIcnicntAry 
wave  from  C  is  circular.  The  enveloi>e  of  tlie  elcinentar}'  wave 
fronts  from  aU  the  points  from  fJ  to  i>  is  the  rofract^^  wave  front 
GI!  due  to  the  component  under  tonside ration.  A  ray  from  C  wiD 
be  normal  to  this  wave  front  and  will  obey  the  ordinan.'  laws  of 
refraction. 

472.  The  Planes  of  Polarization  of  Light  in  ao  Anisotropic 
Meditim. — Wlien  liglit  from  any  twmrce  is  copiously  refkctd 
by  a  mirror  set  in  one  position,  but  is  not  reflecled  when  Ui*» 
mirror  is  rotated  90**  alx>ut  an  axis  coincident  with  the  incident 
ray,  the  iucident  light  is  said  to  be  plane  poljuiM^d,  The  piano 
of  iw^lariiiation  is  defined  as  that  particular  plane  of  incidence  in 
wliitih  li^ht  is  most  copiously  reflectt^d. 

WhcTi  plane  ixjlariKed  lipht  is  incident  upon  a  crystal  of  calcite, 
it  is  found  tliat  if  the  plane  of  polarization  of  the  incident  light  is 
parallel  to  the  principal  plane  of  the  cry:?tal,  only  the  ordinarj*  ray 
is  traiLsmitted,  whereas,  if  the  plane  of  i>olarization  of  the  incident  | 
light  is  i>erpendicular  to  the  princi]>al  plane  of  tlie  cr>'stal,  only  tln' 
extraordinary  ray  is  transniit1e<l.  (xmsocjuenlly,  the  ordinaO' 
ray  is  polarized  in  the  principal  plane  of  calcite,  while  t-lie  extraor- 
dinary ray  is  jx>larize<l  jHTiMuidiciilarly  to  the  principal  plane. 

According  to  the  gciierally  accepted  theory  of  light,  the  vibra- 
tions of  plane  |xjlarized  ligfit  are  perpendicular  to  the  plane  o/ 
polarization. 

473.  Polarizing  Prisms.— The  most  cfTt^ctive   mejins  of  pfo-  ^ 
ducing  polarizoil  light  is  by  the  use  of  doubly  refracting  crvstalfc^ 
Wlien  transmitt'cd    by  a  douljly   refracting  sul>stance,   ordinary 
light  is  separated  into  two  parts  each  consisting  of  plane  polariwd 
light.     On   emerging   from    the  crysUUs  tliese  two  parts  usu 
recombine  and  funn  ordinary  light.     But  if  one  of  these  parts  c 
be  elimiiiateti  hy  being  alisorbed  or  by  being  reflected  to  one  si' 
the  emergent  light  will  lie  plane  |)olarized. 

The  iK)larizati(ni  jH*oduc(Hl  when  liglit  traverses  tourmaline 
due  to  the  absorption  of  one  of  the  components  into  which  l 
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icident  light  is  resolved.     A  tournmliTif^  poluriscope  consists  of  two 
lies  of  tourmaUne  cut  parallel  to  the  axis  of  the  cr>'stal,  Fig.  151, 
197.     But  as  tourmaline  crystals  are  small  and  ustzally  strongly 
ibolored,  this  type  of  i>olariscojK'  is  unavailal)k^  for  most  purposes. 

bA  uonuuonly  employed  device  fur  producing  plane  polarized 
ht  consists  of  a  piece  of  calcitc  in  which  the  second  face  makes 
ch  an  angle  with  the  ordhiary  and  extraordinary  rays  that  one 
bf  these  coinix)nents  is  transmitted  whei^'as  the  other  is  totally 
tcBect-ed  to  one  side. 

I  Foucault's  prism  consists,  Fig.  586^  of  an  equilateral  rhomb 
M  calcit*!  cut  hy  a  plane  BC.  The  two  sides  of  the  cut  are  polished 
Bjl  separated  by  a  thin  film  of  air.  On  entering  the  calcite  light 
is  resolved  into  ati  fmlinary  and  an  extraordinary  ray  which  meet 
Ihe  face  BC  at  different  angles.     The  hght  in  the  ordinary  ray  is 


incident  on  the  air  film  at  an  angle  greater  than  the  critical  angle 
(Art.  397)  and  is  totally'  reflected  to  the  side  of  the  prism  where  it  is 
|?abeorbed  by  bla<'k  painl.     Tfie  lip;hi  in  the  extraordinary  ray  is 

E'dent  on  the  air  film  at  an  angle  lesM  than  the  critical  angle  and 
Oft  totally  reflei't-ed.  Tin;  emergent  hght  K  is  plane  polarized. 
(  set!ond  half  BCD  of  the  j>rism  prevents  dispersion  and  de- 
tion. 

An  objection  to  the  prism  is  t-hat  a  considerable  part  of  the 

it  in  the  exlriionlinnry  ray  is  lost..     ThLs  is  iM-canse  the  refract- 

iive  index  of  calcito  difTt-i-s  considerably  froni   that    of    air.      To 

,*prevent  the  exc^essive  loss  of  lighL  in  the  emergent    ray  due  to 

reflection  at  the  air  film,  Nicol  substituted  for  the  air  film  a  thin 

r  of  Canatla  balsam.     As  the  index  of  ^fraction  of  Canada 

Ls  ntiarly  that  of  calcite,  there  will  Ix?  little  reflection  at  the 

of  the  Canada  balsam  unless  the  light  is  incident  on  it 
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at  an  angle  not  Ions  than  the  critical  angle.  Tho  critioal  angle 
from  calcite.to  Canada  balsam  being  greater  than  that  from  c 
cit^i  to  air,  light  must  Ijc  bicidimt  on  the  Canada  balsam  film,  Fig, 
587,  at  a  larger  angle  than  hi  the  case  of  the  air  film,  Fig,  oSd, 
This  requires  that  the  Nicol  prism  slxall  bo  about  tlircc  tiroes 
long  as  a  Foueault  prism.  But  althctugh  large  clear  cn,'stals 
eak'it^>  are  expeiuiivc,  there  is  hu  niueh  nitMe  light  transmitted  by* 
Nicol  prism  than  by  a  Foueault  prism  that  the  Nicol  priam 
much  more  commonly  used. 

Acctirding  to  the  generally  accepted  relation  between  ih* 
direction  of  vibration  and  the  plane  of  polarization,  the  dinjclioi 
of  vibnilion  of  thi-  li^ht  emerging  from  either  a  Foueault  or  :i  Kivd 
\n'mn  is  ptirallol  to  th<?  slK)rter  diagonal  uf  the  end  fare.  A  pLii* 
parallo!  to  t,ho  whoiler  dijigonals  of  the  two  end  faces  of  a  polarizing 
prism  is  callcil  a  principal  section  of  the  prism. 

Eithei-  n.  P^mcanlt  or  a  Nirol  prism  cnn  Ik'  used  as  an  analvMf 
or  as  a  p*:>larii5er.  When  two  ]X)larizing  prisms  are  placed  eucl  to 
end,  with  their  i^rinripal  sections  parallel,  the  light  transniittcd 
by  the  fii'st  is  transmitted  by  the  second  vnih  little  ihniinution. 
If  one  of  the  prisms  be  rotated  about  an  axis  coinciding  with  tlif 
incident  ray,  the  intensity  of  the  light  emerging  from  the  s4N'oiu1 
prism  gradually  ifiiiiinislies,  until,  when  the  prisms  are  "  crossctl 
— tiiat  is,  when  theii'  principal  sections  are  at  right  angl(>s  tn  one 
another^the  int^^nsity  of  the  emergent  liglit.  is  zero.  If  the  rota- 
tion be  continued,  the  iiitcnshy  of  the  emergent  light  increases 
until  it  attains  a  maximum  value  when  the  principal  sections 
the  two  prisms  are  again  parallel. 

P<vhiny-ing  prisms  are  also  iiiiide  which  have  the  twt)  end  f; 
[)r'r|>endicular  to  the  sides.     With  these  prisiiLS  there  is  verj^  Uttlt 
loss  of  light  by  rellection  at  the  end  faces.     If  such  a  prism 
rotated  about  the  oi>tic  axis,  there  will  Lie  no  lateral  shifting  of  t 
transmitt^'ii  beam. 

474.  Rotation  of  the  Plane  of  Polarization. — If  a  plate 
(juaiiz  cut  perp^'iidicular  Lo  the  optie  uxis  be  interposed  in  the 
path  of  light  that  traverses  a  rH>lnrizer  and  analyzer  set  for  exti 
tion,  the  field  of  view  of  the  ruialyzer  Iweomes  bright.      If  the  li; 
be  mouochronxatic,   the  light   emerging  from  the  quartz  can 
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quenched  by  rotating  the  analyzer  tliroush  a  rcrlHin  uiigU*.  Thus, 
ihe  light  transniit.trd  Uy  thr  fpiartz  plate  is  [iJaiio  ]>(il:*ri/i^*l  in  a 
phine  incUiK'd  tu  tlm  jilaiur  of  ]xilari/.iitioii  uf  tlir  iiicitlon!  light. 
This  fact  is  expressed  by  the  statement  that  in  traversing  the 
quartz  plate,  the  plane  of  polarization  of  light  is  rolatrrl  tlirough  a 
certain  angle.  The  abJHty  to  rotate  the  plane  of  polarization  of 
light  is  possessed  by  many  substances,  soUd,  liquid,  antl  gaseous. 
Some  produee  a  rotation  in  the  clockwise  direction,  while  othoi-s 
produce  a  rf>tation  in  the  counterclockwise  direction. 

Biot  found,  (a)  that  the  amount  of  rotation  produced  by  any 
8ul>atanee  is  pro^K>rtiojiul  to  the  thickness;  (b)  that  when  light 
traverses  more  than  one  .substance,  the  rotation  etjiuils  the  alge- 
braic sum  of  the  rotations  due  to  the  sej^arate  substances;  (c) 
the  R>tation  (k'ptMids  uijon  the  wavtv-length  of  the  light  trans- 
RUtte<l;  (rf)  in  the  cast^  of  solutiouH  of  active  substances  in  inactive 
solvents,  the  rotation  is  pnjp<3rtioiml  to  the  concentration. 

A  plate  of  fjuaHi!  1  mm.  thick,  cut  (XTp<'n(Iicular  to  the  njjtic 
axis,  rotatt's  the  plane  of  pcjkuiza4iou  of  nni  light  abtnit.  1S°.  and 
of  yellow  light  about  22°.  A  column  of  50  p<^r  cent  aqueous  cane 
sugar  solution,  10  cm.  long,  pitiduces  a  rotation  uf  the  piuuc  of 
polarization  of  yelknv  light  of  alMUit  21.7°. 

475.  Elementary  Explanation  of  the  Rotation  of  the  Plane  of 
Polarization. —  It  can  l>e  shown  Ihat  any  simple  haruiuiiic  motion 
ran  1h'  rcHjlved  into  two  uiiihnin  circuhir  molioiis  of  4'c|nnl  jierio<l 
in  opposite  diit?ctions.  This  fact  can  be  ilhistratrd  l.y  ilic  fol- 
lowing device:  Tx't  a  Iw^ad  M  Ik'  so  moimtnl  on  a  rod  f>M  that  it 
can  rotate  clockwise  in  its  own  jilane  at  a  uniform  rale  alH»ut,  an 
axis  through  0  jXTix^ndicular  to  the  pLnio  of  the  fiajitT;  and  let 
this  axis  through  O  sinmltaneously  rotate  with  ihi*  same  angidnr 
sptMHi  in  the  counterelockwise  direction  about  another  paraUel 
axia  through  C  In  Fig.  5SS.  Oj,  Oo,  0.,  and  Oi  represent  positions 
of  the  end  0  of  the  rod,  and  ^f\,  M2,  ^f-^  and  M4  represent  the 
corresponding  j>ositions  of  the  other  end  M. 

In  the  first  position  M  is  at  C  and  is  moving  horizontally  to  the 
left  with  respect  t-o  O,  while  at  the  same  time  O  is  moving  to  the 
left  with  rcsp<'ct  to  C.  The  n'sidtant  m<jtion  of  Af  is  therefore 
dircete<l  toward  the  left,  and  its  speed  is  twice  as  j^rcat  as  that  of  0. 
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In  the  aeeond  pontiao  Jf  k  at  JT  and  »  mo%-iDig  upvnmi  with 
reelect  to  O.  while  O  is  movins  with  equal  speed  downward  with 
respect  to  C.  At  this  poflhion,  then,  the  motion  of  M  with  respect 
to  C  is  zero. 

Similariy  we  see  that  in  the  third  position,  M  is  again  si  C, 
but  this  time  is  mo\ing  to  the  right.  In  the  fotulh  positioOf  M  h 
at  rest  at  X\ 

If  wc  consider  any  other  position,  wc  find  that  M  still  lies  OA 
the  line  A' A''.  For  example,  if  the  selet'lot!  jxisition  he  half  way 
Ijctwocn  the  first  and  the  second^  M  is  somewhere  between  (h 
and  3/3:  its  velocity  with  respect  to  0  is  directed  upward  toward 
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the  left  and  the  veloeity  of  0  with  respect  to  C  is  directed  dowD-_ 
ward  toward  the  left.     The  resultant  velocity  of  M  is  horixout 
and  toward  the  left.     Thus  we  see  that  as  a  result  of  the  two 
ponent  rinnilar  motions  the  l>ra<l  traVeLs  back  and  forth  aloi 
Htraifclit  line. 

It  will  now  \k\  shnwn  thai,  if  the  speed  of  one  of  the  ci 
coniporu'nt.s  Ix?  rctanled  for  a  time,  and  then  l>c  allowed  to 
its  former  value,  tlie  path  of  Uie  resultant  siniple  harmonic 
will  be  rotated  from  the  axis  XX'  to  some  new  position  AA 
Fif?.  589.  To  fix  the  ideas,  supix)«e  tliat  while  O  has  travel* 
:^60*  with  respect  to  C,  M  has  traveled  only  'XM)°  with  respect  to 
At  this  instant  th(0)e-iul  3/ isal  the  position  .1/'.  Fip.  .'SSO.  Iffr 
this  instant  the  retanlation  eeases  and  Ujth  comix»nents 
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■  the  suae  spMti  -ie  r^iaz^'.^a:  :ri.^c*j;c  ^rl  W  btwi  Jt2»-i  "'.'i-  i 
ong  the  ixii-  jl«  J. . 
The  exrciJ::^:!!  -ex  ibit  r;iUk:uoii  ct  lie  rie-rf  oc  r\*l!fcr-s»::ctt 
baaed  oc.  ibt  pciaiorie?  Ai«:7i*  ill-.jsr:fc:«?c  4rji  bfc?  Sva  :ua1> 
erified  by  FresKi  >icii  -J:t»i:««iiL'aIl7  ato  <?x^'rr::iet:5aC> .  \Avrvi- 
ig  to  the  mvn  <£  Y^vsxi  n  appears  :b:i:  pL^ae  rv*dhr.^>i  b^ic^/.  -va"^ 
e  legardHi  ^  uszx  vjnxnoeisd  ot  two  ;vc-:k>cs.  oirv-uakrh  ;\>i*ru*\: 
1  oppoate  ^a<fxrsMx&,  In  tnvwsin^  ar.y  sucvtjuw.  x^v  xv«Ar- 
Bed  ligjii  is  nsohvd  rato  ha  :wo  cirvularf>-  p^>Le{sv\i  ovxti^\>£vr.:s. 
nd  th€se  compooecL^  maytrav««e  :he  sulvwrxv  Hi:h  vu*etvw 
peeds.  If  ihe  vwo  cocapooenc^  imwKV  :ho  pwr.  :si;Iv:aisvv  ;:j 
ny  direction  with  equaJ  5pe«d.  they  i\>Ribino  on  o?v.orp*:Hv  iv.:o 
ilane  polarized  li^t  poiarixed  in  the  sanio  pUno  as  lx't\>r\'  cntortr^ 
he  given  substance-.  If.  however,  the  two  ovuiiixnwuis  iraxtTA^ 
he  given  substance  in  the  direction  of  the  opiio  axu;  wiih  utu\iual 
peeds,  the  enierpent  light  is  plane  polariuxi  in  a  pUiH'  inoIuuNl 
D  the  plane  of  polarization  of  the  entrant  light. 

If  plane  polariied  lijdit  be  incident  normally  uivu  a  pbuo  of 
[oubly  refracting  substance  cut  parallel  to  iho  oplio  axis,  iho 
mergent  light  may  be  plane  polarized,  oir\niL»rly  |x>larir*\L  or 
llipticallypolanxed,  depending  upon  the  rehuivo  nniU\h«iou  of  tho 
wo  componentfi  produced  by  the  substance. 

476.  Lattrent^  HaU-^lutde  Analyzer.— The  obvioiu*  nn^thiHl  of  iU'tormUuitte 
he  amount  of  rotation  of  the  plane  of  polAriEStinii  pnxltictH)  by  iii\>-  *\\\^ 
tance  would  be  to  set  t«-o  Niool  prisms  fur  extinct  km: 
laoe  the  subfltance  under  investigation  betwoen  tlu* 
riaiDB;  and  rotate  one  prism  until  the  field  of  viow 
gain  beoomas  dark.  The  troubles  with  this  mothtnl 
re  that  the  eye  is  not  very  sf^nsitivc  to  Eimalt  rhauRiM 
f  brightness,  and  the  mind  cannot  accurately  coin- 
are  the  brightnesH  of  two  thingn  unless  seen  sinuil- 
tneouflly  and  in  juxtaposition.  To  overct)me  these 
i!ficultic8  several  methods  have  been  devised  in  wliich 
he  plane  polarised  light  entering  the  nnnlyzing  Nicol  is 
ivided  into  two  plane  polarized  portions  with  the  pinncs 
f  polarisation  inclined  at  a  small  angle  to  one  another.  Iluis,  supixwe  llmt  in 
dvanciDg  toward  the  observer,  monochromatic  plane  |H)biriacd  light  in  which 
he  vibration  is  parallel  to  OB,  Fig.  500,  is  dividwl  int4»  two  iwHn  t«ic  whicli 
the  ri^t  half  of  the  field  of  view  and  retains  it«  t>rigiu»l  plane  of 
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vibmlion,  and  o-nothor  portion  of  equal  brightnusa  which  iUumiim  thr 
half  uf  the  fieid  of  view  and  ha«  its  pUiue  of  vibration  panUIel  lo  OA.    Witl 
an  uimUyiiig  Nicol,  b«»lh  halvi^  of  \}\c.  field  of  vipw  nre  of  thr  naruc  hrigbtrw 
But  with  uii  Himlyzinu  Niad  Ihe  two  liulvts  art  uiit-'quaUy  briglit  excciH  wl 
Ihe  priiuripul  jiLinc  of  the  amilyzer  is  parallel  to  >'}*'. 

The  device  used  by  Laurent  to  produce  this  separation  of  plane 
light  into  two  |M>rtions  oon«LMt*4  of  a  plate  of  quartz  }'A'>"  and  a  plate  of 
y*A*'>'',  Fig.  olK),  joined  together  along  one  edge.     The  plate  of  quarts  in 
with  the  optic  axis  {mnillei  to  the  joint  }'}",  and  i&  of  such  a  tbicknes  tloit 
during  th«  passage  of  ligltt  through  it,  light  in  the  extraordinary  ray  is  irLirtIc 
more  dian  hght  in  the  ordinary  ray  by  an  amount  equal  to  one-half  wai 
length  of  the  monocliromatic  light  iLHtjd.     The  gla«s  plat*  is  of  such  a  thitki 
that  the  Hght  which  traverses  it  is  roihicfid  in  brightneas,  through  absorjiiioo 
and  refli^tion,  by  the  »ime  amount  as  the  light  that  traverses  the  quarti  plat? 

4Suppose  that  in  tlm  numochmnuitio  plane  polarised  light  incident  nii 
com(K>uiid  quartz-gUiss  plate  the  vibration  is  parallel  to  s*.ime  Unc  OB. 
part   of   the  light  incident  on  tho  glaas  plate  eniorgrs  with  the  vibntion 
the  flame  plane  OB,  but  the  pnrtion  incident  nn  the  quarts  emerges  as  [duM 
polarieed  hght  with  Ll»e  vibration  in  some  other  plane  0.4.     It  can  be 
that  the  planes  of  vibration  of  the  emergent  light,  OB  and  OA,  are  eq\ 
inclined  to  the  joint  }'')''.     Consequently,  when  a  Nicul  iirism  is  plocctt 
front  of  the  quartz-glajw  plal^  with  the  principal  plane  parallel  to  the  joint, 
field  of  view  is  unifonnly  bright.     With  the  Nicol  turned  out  uf  this  positi 
even  vcrj-  slightly,  the  two  h:dv<w  of  the  field  of  %iew  are  of  unec|ual  bngliin* 
This  quarlz-glflsfi  plate  is  caHe«l  Laurent's  hnlf-shade  anfihjsfr. 

As  asually  etnplrjyed,  the  ludf-«)hade  analyzer  is  placed  between  two  Xi 
pristnn  with  tlit-  juint  between  the  quartz  and  glass  plates  slightly  inrlimtl 
the  principal  plane  uf  the  polarizing  Niinjl,  'J1ie  {Hilarizing  prism  is  illumii 
with  Tnun(»chruinatif'  light  and  the  analyzing  prism  is  turned  till  tike  field 
view  is  tiniJunn.  llie  sfwrirnen  un<UT  investigation  is  then  placed  lieti 
the  half  shudc*  analyzer  and  the  analyzing  prism.  If  a  rotation  of  the  plant 
of  iMilnriz!iliaii  lias  Ix'cn  producefl,  the  two  halves  of  the  field  of  view  an*  no 
longer  e<ni:iily  bright,  llic  angle  through  whieji  the  analyzing  Nicol  mu&l  be 
tumcil  t^^  bring  the  two  ludves  to  equal  brightnusa  is  tiic  amount  of 
priKluced  by  the  s]K.Timen. 

477.  The  Laurent  Saccharimeter. — In  rust4>ms  houses  and  sugar  n-fiii 
it  is  ncecsnary  to  have  an  accurate  method  ftir  quickly  detenuioing  the 
ccntage  of  pure  sugar  in  a  given  specimen  of  sjTUp  or  solid  sugar.     The 
convenient  means,  and  the  one  usually  employed,  w  afforded  by  the  fart  il 
sugar  nutates  the  pljine  of  iKdarizntion  of  light  |)as8ing  through  it.     A  tt 
with  glaas  ends  is  first  fille<l  with  a  solution  of  pure  sugar  of  known  cutir 
tration,  and  the  amount,  of  rot^ition  of  the  plane  v)f  ^olarixtUion  pn3duc 
by  it  is  oljscrved.     The  same  tube  is  then  filled  with  a  solution  of  the  gii 
specimen  and  the  amount  uf  rotation  pruduce<I  by  it  is  observed.     Since  fori 
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layer  of  constant  thickness  and  tempeniturc,  the  rotation  depends  directly 
upon  the  ooncentrntion,  the  per  cent  (if  sugar  in  the  given  ajjecimen  can  he 
readily  rom]>ulc<l.  An  inBtrumeiit  for  ileterniiriinjt  the  sugar  cfmtent  of  a 
solution  i»  railed  h  sanhnrinutrr. 

Idkurcnt's  sacrluirimpter  consists  of  a  lena  O,  Fig.  591,  for  parallcIiKing  the 
it  eniittf^l  by  some  source  not  shown  in  the  enpruNnng,  a  polariKinK  prism  P, 
pfaftif-shadc  annlyzer  P,  a  specimen  tube  .S',  an  analyzing  Niool  .1,  an  eye- 
piece J?,  and  a  dividcil  eircio  V  for  reading  the  angle  tlirough  which  the  ana- 
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lysing  Xiool  is  turned.  The  hnlf-ahade  analyzer  is  aHually  rnartr  for  yellow 
light.  To  pmduce  light ui  thv  iinificr  eolor,  a sn.s flame  fiuppliwl  with  (X)mmon 
sail  may  be  used,  or  an  absorptive  plate  of  ]x>ta«sium  bichromate  may  be 
iotcn^'^s^'l  between  the  polarizer  and   nny  light  sou ree. 

There  are  sevenj  eorts  of  Hugar,  aonie  of   which    pnxlui:e  riglit^haiided 

rotation,  others  of  wlvich  produce  left-handed  rotation.     Oftentimes  a  Kf»crinjcn 

is  a  mixture  of  ri;;hl-handed  and  left-lmatlod  sugar.     The  eoiicmlratiftn  of 

•oob  Bpocimena  ran  also  be  <letorminrd,  but    the  methods  employed  in   such 

belong  particularly  to  the  laboratory  utid  will  not  here  bo  described. 
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yinsi^nt  thickness  iind  (flm|)oraturo,  (ho  riklalinii  iln|uHiiU  ilfhN>ll,V 
c!uncci>tration,  (lie  jht  <viit  M  Niiunt  In  llu*  hIvkm  N|Htti|iiiMH  mu  In* 
imputed.  An  inslnimi'iil  fur  tlrlniiiailiiH  lltti  minMi  hiiiIkiiI  at  n 
I  cuIie<J  a  attrrhtirir/uUr. 

,t'a  »irchariine!<^r  v<tr\nimttt  nf  n  U^unO,  VIg,  flUI,  fiii  |iMr'H)li)ll*)ii||  lint 
^  bv  wmt'  8<)iirri*  mil  Mhnvvn  in  llin  <>iiMmvtfi|(,  h  |fiilMlUlf|||  |ff|«IM  /', 
le  analyzer  D,  a  spccinirn  lijfjo  M,  iin  fiiiMlyMlfiN  NIdmI    ^,  nu  t>fh 
^  a  divided  cirrle  V  for  rwdlnic  (hr  nri|(|j'  fl(rfrt««|i  tfMfttt  Mm  miN 


The  Solving  of  Problems. — Our  plcaAtiro  in  pursiiing  a  mjbjcct  is  in  direct 
portion  to  the  degree  of  our  umstery  of  it.  Master)'  of  a  subject  involves 
ability  to  use  it.  Stilving  numerical  problemH  is  one  of  the  must  effective 
(or  develu|ung  the  ubility  to  make  iiae  of  the  principlcfl  of  Physics. 
prettent  list  of  pmblenis  is  dcsigiied  to  furnish  experience  in  the  applica- 
km  of  the  principles  considered  in  the  text  and  to  give  faciUty  in  deducing 
tquirod  relationn  from  a^Hignt^d  data.  Securing  a  correct  answer  is  less 
nportant  than  making  a  well-planned  attack. 
A  few  of  the  problems  at  the  iM'giiining  of  eat'h  group  can  be  solved  by 
;rting  the  given  data  into  one  of  the  eqnationn  proved  in  the  text  and  then 
Ikrforming  tlie  urithmeticol  o|)omtionfi  indicated.  In  Hio8t  cases,  however^ 
Ike  required  etjiiution  can  be  ublaincd  only  by  combiuiiig  two  or  three  ottier 
jppiationB.  But  in  any  case,  it  18  better  to  get  onrly  into  the  habit  of  deducing 
ke  equation  required  to  solve  the  prrjblera  thiui  to  seek  one  already  made. 
■ever  use  a  proportion  without  first  proving  it  by  means  of  equations. 

The  figures  necessary  to  express  the  accuracy  of  a  number,  and  not  to 
Kate  the  position  of  the  zero  point,  are  called  vvs^nj^caT*/ /gurea.  It  is  a 
rinriplc  of  calculation  tliat  the  products  and  quotients  of  quantities  obtained 
FDiu  measurement  need  not  be  expressed  with  a  greater  number  of  eignificant 
Igures  than  the  original  dat^.  Thus, 
I  64S1  gramsX  78  cm.  jwr  sec.  i«t  sec.  =  SO/jOO  dynes; 
L    21  312  dynes  ^980  =  0  0217  gram  weight. 

I  To  avoid  rc|>etiti<>n,  some  dat-a  of  fref[uent  use  are  given  below.  In  solving 
Iroblenut,  no  <lata  are  to  be  used  which  are  not  given  either  below  or  in  the 
lAtemcnt  of  the  problems. 

I  cra.  =  0  ;J4M  in.  1  ft.-:50  5  cm. 

I  kg, -=2  201b  !  lb  =0  454  kg. 

1  American  ton =2000  lb.  1  metric  ton  ~  1000  kg. 

1  hor9e-|X»wer  —  6.50  ft  lb  per  sec       1  force  do  rheval  =  75  kg.  m.  p^rsec. 

Acceleration  due  to  gravity  =  980  cm.  per  sec.  per  sec. 
=  32  1  ft.  i>cr  sec.  per  sec. 
Wlien  a  gas  is  at  0°  C,  and  under  a  pressure  of  76  cm.  of  mercury,  it  is  s^d 
0  be  under  "standard  conditions  " 

'elocity  of  sound  in  air  at  0**  C  =331.2  metere  (1187  ft.)  per  sec. 
leat  equivalent  of  vaporisation  of  water  at  100®  C.-559  calories  per  gram. 

Scat  equivalent  of  fusion  of  ire  =  80  calorics  i>er  gram. 

eat  c<|uivalent  of  fusion  in  leud  =     5.8  calories  per  gram. 

Eec'hanicAl  equivalent  of  heat,  J  =  4.2  (10')  ergs  per  calorie  »  070  B.t.u.  per  lb. 
I  temperatures  are  Centigrade  unless  otherwise  stated. 
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Densities 

In  g.  per  cc.  xinlww  otherwise  stated. 
Air  fstttudard  conditions)  0.0013 

Alumiiiiutu 2.6 

Brass 8.6 

Cork 0.25 

Diamond 3.6 

GlttUB 2  6 

Gold 19.3 

Ice 0.92 

Iron.. 7.5 

Mercury    ,  .    13  6 

SUver 10.5 

Water  (pure) 1.0 

"      62.5    Ib.per 

CM     ft 

Water  (aea) 1.03 

*•     64.0  Ib.per 

cu.  ft. 

COEPFtCIENT  or  EXPANBION  FBR    °  C. 

Brass  (linear) 0  00(K)iy 

Copper  (linear) 0.00iK)I7 

Glass  (linear) 0  (MX)008 

iTiin  and  stpol  (linear) .       0  01)0012 

Platinum  (linear) 0  0(K)OOSti 

Stivorilinoar) 0  OIMXHO 

Zinc  fRnear) 0  (K1(K)20 

Mercuiy  (cubioul) 0  000US2 


Specific  Hbatb 

Air  (p.  constant) 0  24 

Air  (v.  constant) 0  17 

AJuiniuiuni.  0  22 

Braas 0  09 

Copper OOt) 

GUaa 0.18 

Ice..  .  "  0  50 

Iron..  0  U 

Lead 0  03 

Mercury. . .  0.03 

Silver 0.05 

fSteaui  (p.  ouii»tant)    .    .  0  48 

Tin ..  0.06 

Turpentine  0  47 

Zinc 0  09 


Therual  CoNDucnvmr 

Calories  per  cm.*  per  **  C  per  sect 
Air..  .  .   5.22 (U 

Iron..  0.16 

I^iad 0.08 

Mercury 0.02 

.Silver.  .1.10 

Water  0  (M)U 

Wwtl  (dry  I  .0  5(10 


llEStSTIVITT 


Copper 

Gerniiiu  Bilvcr 

Iron 

Platinum.    . 
Silver 


Ohms  per  Centi- 
meter Cube  at 
0*C. 


1  6(10-*) 

21  (10-*) 

0  7  (lO-«) 

9(10-') 

1.6(10-») 


Ohms  fHOr  Circular 
Mil  Foot  at  0*C. 


9  8 
126 
58 
54 

9  7 


Tempemtui 

Variation 

per^C, 


0  OO30 
0  CKKM 
0.00,53 
0  0030 
0  0037 


1.  Show  by  a  diagram  how  to  rig  a  pair  of  double  jnilleyB  so  that  their 
taechaniciU  advuntagt*  shall  tx?  5. 

2.  By  means  of  a  diaf^nun  represent  a  system  of  tvo  fixed  and  two 
•movable  pulleys  with  coiilimious  cord.  Wliat  pull  (Jii  the  free  end  of  the 
C'>rd  will  support  a  weight  of  lOW  lb,  su^ixjuded  from  the  movable  pulley 
block,  the  blockn  l>eing  so  rigged  that  the  ojierator  exertH  a  downward 
PtiU?     (Oiiu't  the  ffTect  of  fnctioii.) 

3.  With  tlie  iiid  of  u  diagram,  nhow  a  [umtrivance,  employing  a  system 
*^f  pulleys  atlaehe<l  to  an-  overiica<l  .su]ip«rt  by  which  a  jierson  who  can 
^ert  a  fierce  nf  only  100  lb.  wt.  can  rairtf  n  hmd  of  ll  little  under  4O0  lb.  wl. 
Bow  great  is  thp  foree  exeiiefl  nn  the  nvprhrnd  '^upiHtrt? 

4.  The  (HMl-lb  hammer  of  a  pilo  iiriver  is  raised  20  ft.  and  is  then 
allowed  to  fail  on  the  heatl  of  u  pilc»  which  is  thereby  driven  2  in.  into  the 
Itoud.  Find  the  average  force  exerted  by  the  hammer  on  the  head  of  the 
tpile. 

[  6.  A  machinist  exerts  upon  a  file  a  forcf  tif  10  lb.  wt.  ilownward  and  15 
lb.  wt.  fi^rward.  How  much  work  does  he  do  in  40  horizontal  strokes, 
leach  H  in.  long? 

6.  Shf»w  by  a  diagram  how  two  single  pulleys  may  be  so  arranged  as  to 
ItfTord  a  mechanical  a<lvantaRe  of  2.  If  an  effort  of  3.25  lb.  wt.  must  be 
jUsed  with  this  tlevice  in  itrder  to  raise  a  weight  of  4  lb.,  what  is  the  efficiency 
tof  tlie  maehine? 

I  7.  A  man  i.s  capable  of  exerting  a  f«trce  of  150  lb.  wt.  How  long  an 
IDctined  plane  mu.it  be  used  in  order  t«  push  a  truck  weighing  |^  lb. 
Upon  a  platform  3  ft.  above  the  grnund?  Neglect  friction. 
I  8.  .\  plow  making  12  furrows  to  the  rod  requiresj  an  average  pull  of 
|550  lb.  wt.  Find  the  work  done  in  plowing  an  acre.  (An  acre  - 160 
iq.  n*ds.) 

9.  How  much  work  is  done  against  gravity  by  a  man  weighujg  ISO 
Jb.,  climbing  a  mountain  4000  ft.  high? 

[  10.  How  niurli  work  is  expentled  in  raising  the  brick  for  building  a 
nniform  column  *ki  ft.  8  in.  high  and  21  ft.  square?  Weight  of  brick  per 
jmibie  ffiot  is  112  lb. 

]  11.  Find  the  work  n!i|uirod  \a  lift  the  stone  from  the  ground  io  bufld 
%  cylindrirui  reservoir  20  ft.  outi*idc  diameter,  4*0  ft.  high  and  5  ft,  thick. 
jWeighl  of  stone  is  I2'>  lb.  |>er  cu.  ft. 

I  12.  Find  the  work  done  to  wind  up  a  250-ft.  chaiu  hanging  vertically 
Irhich  weighs  20  lb.  j>er  ft. 
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13.  A  ladder  50  ft.  long  rests  against  a  wall,  making  an  angle  of  30" 
with  it.  Calculate  the  work  done  by  a  man  weig^ng  160  lb.  when  he 
carries  a  120-lb.  load  up  the  ladder. 

14.  A  man  draws  a  box  along  the  sidewalk  for  a  distance  of  100  ft. 
by  means  of  a  rope  which  makes  an  an^e  of  dO**  with  the  horisonUl. 
The  pull  in  the  rope  is  25  lb.  wt.    Calculate  the  total  work  done. 

16.  A  laborer  carries  1000  lb.  of  brick  to  a  height  of  20  ft.  in  20  tiipi. 
He  wei^  180  lb.  and  his  hod  weighs  20  lb.  Calculate  (a)  the  ut*eful 
work,  (6)  the  useless  work. 

16.  In  the  preceding  problem  assume  the  laborer  usee  a  single  pullp)* 
and  rope,  hoisting  the  bricks  in  10  loads  in  a  bucket  weighing  30  lb. 
Neglect  any  losses  due  to  friction.  Calculate  (a)  the  useful  woii,  (6) 
the  useless  work.    Compare  the  efficiencies  of  the  two  methods. 

17.  If  it  is  found  possible,  by  a  wheel  and  axle,  to  raifise  a  weight  of 
500  lb.  by  applying  a  force  of  70  lb.  wt.,  when  the  diameter  of  the  wheel  is 
4  ft.  and  that  of  the  axle  is  6  in. ;  calculate  (a)  the  theoretical  mechanical 
advantage,  (b)  the  actual  mechanical  advantage,  (r)  the  efficiency. 

18.  On  turning  the  handle  of  the  windlass  of  a  certain  derrick  1  ft. 
the  load  is  raised  0.2  in.  How  heavy  a  load  can  be  raised  by  applying  to 
the  handle  a  force  of  60  lb.  wt.? 

19.  A  bucket  of  water  weighing  30  lb.  is  to  be  raised  from  a  well  20  ft. 
deep  by  means  of  a  windlass  having  an  efficiency  of  80  per  cent.  If  the 
crank  arm  is  15  in.  long  and  the  drum  on  which  the  n>pe  is  wound  is  6  in. 
in  diameter,  how  great  an  effort  must  be  applied  at  the  crank,  and  througb 
what  distance  must  it  act? 


Static  Moments 

20.  The  crank  arm  of  a  windlsMs  is  50  cm.  long,  and  the  shaft  around 
which  the  rope  is  wound  is  18  cm.  in  diameter.  What  force  muM  be 
applied  at  right  angles  to  the  end  of  the  crank  ann  to  raise  a  body  weig^ini; 
110  kg.  attivchcd  to  the  ro|>e? 

21.  In  the  preceding  problem,  at  what  angle  to  the  crank  arm  must  a 
force  of  20  kg.  wt.  be  applied  in  order  to  hold  the  110  kg.  wt.  in  equilib- 
rium? 

22.  A  uniform  plank  10  ft.  long  having  a  body  weighing  25  lb.  fastened 
to  one  end  is  balanced  at  a  point  3  ft.  from  the  loaded  end.  Find  the 
weight  of  the  plank. 

28.  A  beam  of  uniform  croes-eection  is  carried  by  three  men,  one  nt 
one  end  and  two  by  means  of  a  light  bar  placed  aonmaa  under  the  beam. 


Bow  far  from  the  midtlle  of  the  beam  must  the  bar  be  placed  that  each 
man  may  bear  one-third  the  weipht? 

34.  Two  bo\Ts  make  a  see-sjiw  by  Ijahmcing  on  a  fence  a  uniform  board 
5  m.  long.  On  one  end  sits  a  l>oy  weighing  3i>  kg.  Where  must  the  other 
boy  weighing  40  kg.  place  himself  in  order  to  bulance  the  fir.'<t  boy? 

26.  A  uniform  iron  rail  weighing  100  lb,  is  supported  by  two  fwsts 
10  ft.  apart,  the  ptw^t.'^  Ix-ing  12  ft.  and  H  ft.  r<?spective]y,  from  the  ends  of 
the  rail.     I'ind  the  weight  f^nch  jx>st  must  boar. 

26.  A  stiff  uniform  |K>le  12  ft.  long  sticks  out  horizuntally  from  a  ver- 
tical wall.  It  woukl  break  if  28  lb.  vri.  were  applied  vertically  at  the 
ead.  How  far  out  along  the  pole  may  a  boy  safely  venture  who  weighs 
112  1b.? 

27.  A  unifonn  l>cnm,  20  ft.  long  and  weighing  100  lb.,  rests  in  a  hori- 
zontal petition  on  a  fulenim  4  fl.  frtim  one  end  whidi  at  thin  end  pre^st^cj* 
agaiuMt  the  undeivide  nf  a  secctnd  bemu.  (o)  \htw  great  is  the  upward 
force  exertetl  on  the  seeond  beam?  {h)  How  great  is  the  downward  fon^e 
exerted  on  the  fulenim? 

28.  A  uiiiftirm  l>ar  100  em.  long  weighs  20  kg.  "What  force  must  be 
applied  on  one  end  of  tiic  bar  so  that  the  lieum  will  just  balance  aliuut  a 
point  20  em.  from  that  end? 

29.  A  unifonn  beam  20  Ft.  Iniig  weighs  2O0  lb.  It  is  supported  at  a 
pivot  12  ft.  fmrn  one  enil  .1,  at  which  liiingsn  hody  nf  HMI  lb.  wt.  Where 
rauHt  a  body  of  ;i(X)  lb.  wt..  be  applieil  to  keep  the  beam  horizontal?  What 
is  the  force  on  the  pivot? 

30.  A  paintej  stands  on  a  scaffold  hung  by  its  end:^  from  vertical  ropes 
A  and  B,  10  ft.  apart.  The  larld^T  wniglis  nO  lb.,  the  tenHii)n  in  .1  is  140  lb., 
and  that  in  H  is  60  lb.  WTiat  is  the  weight  of  the  painter?  How  far  from 
A  is  he  standing? 

31.  If  the  handle  of  a  claw  hammer  is  12  in.  long  and  the  diAtance 
from  point  of  contact  to  a  nail  liefid  is  2  in.,  how  nmch  resistance  is  offered 
by  the  nail  when  a  force  of  25  lb.  wt.  is  re((uired  to  draw  it  out? 

32.  Two  men,  A  and  H,  12  ft.  npart,  carr>'  a  150-!b.  Iwxjy  between. them 
on  a  pole.  Where  must  the  body  be  placed  in  orrlcr  that  A  may  not 
carry  more  than  60  lb.  wt.?    Give  a  diagram. 

33.  A  telephone  i>ole  .30  ft.  long  weighs  400  lb.  If  15  ft.  of  its  length 
project  beyond  the  etlge  nf  nii  horizontal  siirface  on  which  the  pole  re^ts, 
a  weight  of  80  lb.  at  the  outer  end  will  just  cAUse  it  to  tip.  Find  the 
enter  of  gravity  of  the  pole. 

34.  A.  man  weighing  150  lb.  stands  on  one  end  of  a  railroad  rail.  30  ft. 
Jong,  which  balances  over  a  fulcrum  at  a  point  2  ft.  from  its  middle.  What 
is  the  weight  per  yard  of  the  rail? 
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36.  A  uniform  beam  10  ft.  Ioqk  und  weighing  50  ]b.  rcst«  on  a  su, . 
4  ft.  frf»m  one  end,  and  is  tn  U»  kept  homont-al  by  a  vortical  force  »t 
wwno  one  other  point,  (a)  Where  must  this  vertical  force  be  applini 
in  order  that  it  may  Ix;  as  RnuUI  i\£  pot^^ible?  Find  it»  mu^tutle 
imd  cliretlioii.  (6)  Where  must  u  vertical  foree  be  app1ie«i  to  make  iho 
pressure  nn  the  Kiip|Mirt  h«  small  a^*  jxissible,  and  how  gjrat  is  the  fnrfC 
and  how  great  Is  the  hwid  on  the  supfKirt? 

36.  A  roil  IS  ft.  long  and  wei^ng  80  lb.  is  supporte<^  at  thf>  end  \ 
and  at  a  pi>int  4  ft.  from  the  end  B.  Where  must  a  body  weighing  40 lb. 
be  hung  to  prtKiuee  e^iual  h«uls  f>n  ihr  two  supports? 

37.  A  pUirik  Ali  20  ft.  Imigniul  weighing  100  lb.  rect^  on  top  of  a  box       I 
4  ft.  wi<le  with  the  end  A  pr<»jefting  7  ft.  l>eyond   the  box.     Find  (o), 
how  near  the  end  .1,  a  fiO-lb.  boy  ran  approach  without  upsetting  tlif 
plank.  (6),  how  ueiu-  the  end  H. 

38.  A  uniform  rod  12  ft.  long  and  weiiching  24  lb.  reaUi  t\or\i*Miis\\y 
<tn  two  propet  distant  2  ft.  and  4  ft.  from  the  two  emU.  Find  the  ftirro 
siip[>orted  by  each  prop.  M 

39.  A  unifonn  beam  12  ft.  Umg  and  weighing  100  lb.  rest?  htirizontAlly 
on  Hiniiltu-  fcupiK)rtti  at  its  ends.  Find  the  lori-e  supptirte*!  by  each  proj> 
when  a  load  of  70  lb.  \vi.  is  jtlaced  one-third  »if  the  di^tance  fn>m  one  end. 

40.  Two  men  earr>'  a  Ixxly  weighing  IK)  kg.  suspended  from  a  h{ 
pole  3  m.  lung.     If  the  body  be  placed  at  a  distance  of  1.2  m.  from  oi 
end,  what  weight  doen  each  man  Ijear? 

41.  A  man  carries  on  his  shoulder  a  uniform  straight  pole  weighingi 
kg.,  on  onv  end  of  wliiih  hangs  a  IkkIv  weighing  10  kg.     He  keeps  the  pold 
hurixoiital  by  lujlding  down  the  other  end  with  his  hand.     If  the  distant 
from  shoulder  to  hand  is  70  cm.  and  the  distance  from  shoulder  to  m 
[H-Mided  botiy  is  2  m.,  find  the  vertical  force  exerted  by  the  hand,  and  the 
weight  nn  the  shnuhler. 

42.  A  window  sash  3  ft,,  wide  and  weigliing  25  lb.  i^  Hupport^nl  by  two 
m»\i  cords,  to  each  of  which  is  attached  a  piece  of  iron  weighing  10  11 
If  one  of  the  cords  is  brtjken,  fuid  at  what  distance  fntni  the  middle  of  tl 
sa.«h  ihv  hand  must  be  placivl  to  raise  it  with  the  leati  effort. 

43.  A  uniform  nnl,  1 }  in.  hmg  and  weighing  10  lb.  is  joined  so  $ 
be  in  the  same  straight  lint;  with  another  uniform  rod  16  in.  long 
weighing  S  lb.     Find  tlic  point  on  which  they  will  balance. 

44.  A  uniform  beaiti  50  ft.  long  and  weighing  100  lb.  rests  horixoatall 
with  its  ends  tin  two  sup|M}rts.     'J'lic  Iwum  Ciimos  loads  t»f  T-K),  50,  and 
lb.  wt.  at  dii^tanees  of  10,  20,  and  li.*>  ft.  ^^'^|lct•tively  from  one  suppoi 
Find  the  reaction  at  each  support. 


46.  Three  <-*ircU  of  cc|iml  length  arp  att«<*h<**l  to  a  snuill  in>n  ring. 
Two  boys,  lit  a  (lislnncp  from  one  another  pijuiil  to  the  loiiKlh  of  oach 
Cord,  pull  at  tho  eiids  of  two  t.t{  the  curti.s  with  forces  of  50  and  (HI  lb.  wt. 
r*3pectiveiy.  What  force  must  a  third  boj-  exert  on  the  other  cord  so 
that  the  ring  will  U'  at  rot?  Find  also  the  iingit*  the  third  cord  makes 
with  the  cord  in  which  there  is-  llie  teuyion  of  IMJ  lb.  wt. 

46.  A  boat  is  towo<  I  along  the  middle  of  a  ranul  5(»  ft.  wide  by  miilrs  on 
U>th  bunks.  Kiicli  rojM!  is  72  ft.  luit(5  and  is  under  a  tension  of  800  lb.  wt. 
Find  the  totnl  effective  pull  on  the  boiit. 

47.  Thn-c  smooth  p*wts  fixwl  in  tlic  ground  so  as  to  form  an  er|uilatcr.il 
Irinnijle  are  wnippe*!  alwut  by  a  liKhtly  .stretcluH]  rubl>er  band  wliich  ih 
under  u  teiii»ion  of  2  lb.  wt.     Find  tlie  fore**  acting  on  eiicli  jHwit. 

48.  Two  lUR-bttats  are  pulling  on  n  vessel,  one  with  a  force  of  1200  lb. 
wt.,  the  other  with  a  force  (pf  900  lb.  wt.  The  cables  from  the  tw<>  tugs 
a(^  at  right  angles  to  each  other.  How  much  i.s  the  retjultaiil  pull  on  the 
vessel? 

49.  A  piece  of  wire  2(5  in.  long,  an<l  strong  enough  to  support  directly  a 
Joml  <»f  100  lb.  wt.,  its  attached  to  two  |»oint.-i  24  in.  apart  in  tlie  «ane  hori- 
2ont.al  line.  Find  the  maximum  loud  that  can  be  sutipcnded  at  the  middle 
of  the  win;. 

60.  A  sitring  7  ft.  long  has  its  ends  attached  to  two  (xniiiw  in  the 
Byl^Ung  5  ft.  apart.    When  a  »tone  i^  aiiuehed  to  the  string  3  ft.  from  one 
"   end  there  in  in  the  short  portion  of  the  string  n  tenyiori  of  8  lb.  wt.  and  in 
the  longer  portion  a  tension  of  ti  lb.  wt.     Find  the  wiMght  of  the  stone. 

51.  A  fish  cjiugld  by  a  nnl  iind  bne  pulls  with  a  force  of  4  lb.  wt. 
The  incluiatiun  between  the  hkI  and  the  line  is  .50**.  What  force  on  the 
end  of  the  rod  normal  to  its  length  must  the  rod  be  aVtlc  to  l>ear? 

62.  A  Ntard  will  junt  sujiport  a  load  of  200  lb.  wt,.  placwl  at  its  middlo 
point  when  th(^  board  is  inclineil  to  the  liorizon  at  an  angle  of  2.5°.  What 
weight  would  it  supjKirt  wlicii  placed  horizontally? 

63.  Two  n»en  standing  on  opposite  aides  of  a  pit  arc  drawing  tip  a 
bucket  of  earth  liy  means  of  two  ropes.  When  the  bucket  is  in  cipiilibrium, 
one  man  is  exerting  a  force  of  70  lb.  wt.  on  a  to\^  inclined  1.5**  to  the  ver- 
tical while  the  other  man  i-*  exerting  a  forte  of  50  lb.  wt.  on  a  rope 
incline<l  20°  to  the  verti«d.     Find  the  W'cight  of  the  bucket. 

64.  A  horse  is  attached  t^  a  wagon  tm  that  the  traces  make  an  angle 
of  20*  with  the  gniund.  If  the  rtmd  is  level  and  offers  a  resistance  to  the 
wagon's  motion  of  'M)  lb.  wt.,  find  how  much  a  horse  must  pull  in  order  to 
keep  the  wagon  moving  uuiformly. 
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56.  A  horse  exerta  a  force  of  50  lb.  wt.  in  tuwing  a  boat  along  a  ouiil. 
If  the  bout  i^  10  ft.  from  the  U)v^'path  andniiives  parallel  to  il,  fbd  the 
effective  force  of  llic  horse  when  the  t^iwHne  Ls-20  ft.  loiip. 

66.  An  iiiitomubile  weighing  two  tons  standi  on  a  hill  which  risw  10ft- 
in  every  50  mcMsured  along  the  inelme.  What  is  the  direction  and  mig- 
nitude  of  the  Unist  force  that  will  hold  it  tiiere? 

B7.  A  boy  dra^  a  sled  by  exerting  a  force  of  6  lb.  wt.  on  a  rope  rewii- 
ing  from  his  arm  to  the  nled,  a  distance  of  5  ft.,  his  arm  being  3  ft.  higbw 
than  the  Fle<l.  What  jmrt  of  tho  force  that  he  Is  exerting  is  effective  in 
dragging  the  slet!  forward? 

58.  A  man  who  can  exert  a  force  (»f  but  50  lb.  wt.  i.s  required  to  loud 
a  200  III.  barrel  into  a  wagon  wh(>.sc  Iwd  Ls  3.5  ft.  high.  Find  how  lnrig& 
planlv  Itr  niu.'*t  use  in  order  that  he  can  roll  the  l»arrel  into  the  wagna. 
(S^ilvc  by  principle  of  work  and  also  by  resolution  of  force:*.) 

69.  A  ballfMtn  (uipablc  of  (supi)orting  a  Ixxly  weighing  200  kg.  is  held  by 
a  rope  which  makes  an  angle  of  60*  with  the  horizonbil.  Find  tlie  teasioa 
of  the  njpc  and  tlic  horizontal  pressure  of  the  wind  on  the  balloon. 

60.  A  picliire  weighing  25  lb.  is  suspended  from  a  nail  in  the  wall  by 
means  of  a  wire  whose  ends  are  fastened  to  the  sides  of  the  frame.  Find 
the  tension  in  the  wire;  first,  when  the  two  halves  of  the  wire  make  an 
angle  of  00**;  second,  when  this  angle  in  30*. 

61.  A  man  weighing  160  lb.  .sits  in  a  hanunock  suspended  by  ropes 
whi(?h  are  inclined  at  30*  and  45®  to  vertical  post-s.  Find  the  tension  itt 
each  rope.  1 

62.  A  body  weighing  125  kg.  Is  suspentied  by  a  rope.     A  second  Mpe 
att^iched  to  the  Ixxly  is  drawn  in  n  horizontal  direction  uiitil  the 
iwndwl  ro|M'  lias  been  deflecteti  30*  from  the  \'ertical.     Find  the  teusi 
in  tlu'  two  njjMis. 

63.  Find  the  f«trce  retiuired  to  sustain  a  btKJy  weighing  75  kg.  on 
plaJie  inclined  at  45°  to  the  horizontid:   hrst,  when  the  direction  of 
force  is  horizontals  stjcond,  when  the  direction  of  the  force  is  parallel  tO 
the  plane.     Find  also  the  fonc  jKTiiomlicular  Ui  the  plane  in  each  case. 

64.  A  cimridt'lit*!'  weighing  To  kg.  is  suspended  at  the  interveetion  of  two 
rafters  inclined  to  uiie  utmther  at  an  angle  of  120°.     Find  the  thrust  al' 
each  rafter  due  to  the  chandelier. 
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65.  A  uniform  lieam,  12  ft.  long  and  weighing  50  lb.,  rests  with 
end  at  the  bottom  of  a  vertical  wall,  while  a  point  in  the  beam  10  ft.  fi 
the  bottom  is  connected  by  a  horizotital  string  with  a  point  in  the  wall  8 : 
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^bove  the  ground.     Find  the  tension  of  the  string,  and  the  pressure  against 
the  wall. 

66.  Two  uniform  be«m8,  each  24  ft.  long  and  weighing  110  !b.,  joiiio<i 
*t  one  end,  rest  wth  their  other  lower  ends  fixed  U*  the  t<  «p  of  two  vertical 
Walls  of  the  same  height  and  30  ft.  a[)arl.  Find  the  horizontal  thrust 
teDding  to  overturn  eacli  wall. 

67.  A  uniform  rod  3  ft.  hntp  and  weigliing  25  lb,  is  supported  horizon- 
tally with  one  end  hinged  to  a  vertiail  wtill  and  the  uthcr  end  attachetl  by 
>Htring  to  a  point  1  ft.  above  the  hinge.  A  luKly  %\-eighing  50  lb.  is  sus- 
pended frf>m  the  free  end  of  the  rod.  Find  the  tension  in  the  string  and 
Ilie  horizontal  Ihmst  on  the  hniRt^. 

68.  A  uniform  ln>rizitnlnl  btir  AH,  3  ni.  ]uinz  and  weighing  5()  kg., 
has  the  end  B  hinged  t(i  the  vrrtiral  side  of  u  huiliUng,  while  the  end 
.4  is  supportwi  l>y  a  li^ht  rnpi^  tieci  in  it  and  to  the  huilding  at  a  pfiint 
4  m.  above  B.  Find  the  tension  in  the  rope,  and  also  the  httrizontnl 
and  vertical  comjxinpntH  cif  (hn.  reaction  at  the  hinge. 

69.  A  horizontal  beam  12  ft.,  lotiq;  is  supported  fntm  a  vertical  wall  by 
a  bracket  which  hold^i  one  end,  and  by  a  ropn  attached  at  it.'^  middle  jxiint 
and  fastened  to  a  point  on  the  wall  (i  ft.  al>ov^e  the  hraeket.  A  load  of 
100 lb.  wt.  isfa.stenedattheonterendof  the  beam.  The  weight  of  the  beam 
is  60  lb.  Calculate  [a)  the  tension  in  thf^  ro])c;  {h)  the  horizontal,  and 
(c)  the  vertical   reaction  at  the  bnickot. 

70.  Two  vertical  posts  arc  20  ft.  apart  and  lietween  them  a  rope  is 
stretched  horizontally  from  hooks.  When  a  force  of  600  lb.  wt.  is  applied 
%t  the  middle  of  the  rope  the  sag  is  1.944  ft.  Neglecting  the  weight  of  the 
rope  calculate 

(a)  The  tension  in  the  njpe; 

(6)  The  magnitude  and  direction  of  the  force  on  each  hook; 

(u)  The  horizontu.1  and  vertiLitl  forces  on  each  hook. 

71.  A  uniform  horizontal  l>eani  .S  ni.  long  has  one  end  supported  ott  a 
ledge  in  a  vertical  wall,  while  thf  other  eml  is  supi>ortf«l  by  a  light  ro|>e 
which  makes  an  angle  of  riO°  with  the  bcjim.  The  beam  weighs  5  kg. 
and  supjxjrt.s  a  load  of  20  kg.  wt..  placed  3  m,  fn»m  the  wall.  Find  the 
tenifion  in  the  rope,  and  also  the  vertical  and  horiisontal  reactions  of  the 
wall. 

72.  A  uniform  beam  36  ft.  l»>ng,  weighiuK  l.'V)  lb,,  rest,s  with  one  end 
against  a  snuKfth  wall,  and  the  lower  end,  which  rests  on  tlie  ground,  ia 
prevented  from  slipping  by  a  |)eg  in  (ho  gn*und.  If  the  inclination  of  the 
beam  in  the  h^riznn  br  :M)°,  find  the  thnist  against  the  wall  and  the  vertical 

horizontal  componcntii  of  the  reaction  at  the  peg. 
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73.  A  unifomi  beam  20  ft.  loJ)^  aiul  weighing  100  1l>.  rcflA  with 
end  on  u  siiiix»lh  floor,  and  tbe  other  end  nguinst  a  snK>*>th  vertiml  wall. 
U  u  string  'tA  ft.  long  ronnwtw  the  lower  end  with  the  f(ml  of  thr  wall, 
find  the  tension  in  tlie  ciitrLiig,  and  the  reHctioug  exerted  aguin&t  tbe  floo^^ 
and  the  wall.  ^M 

74.  Two  etjiml  unifonii  boards,  eunh  10  ft.  long,  and  weighing  20  lb., 
are  hingrd  together  iit  onrenil.  wliile  the  other  ends  rent  (tii  a.siu<K>th  tloor. 

U  a  string  5.4  ft.  long  eonneel^  the  lower  ends,  find  the  tension  in  Ul^| 
string  and  the  reaction  at  the  hinges.  ^B 

76.  A  derriek  !m.s  a  unifonn  boom  16  ft,  long  and  weighing  150  lb., 
with  one  end  hinged  to  a  vertical  mast  Ifi  ft.  from  the  t«p.     \  rope  exton 
frcnn  the  otlier  oiul  of  tiie  IxMun  to  the  top  of  the  mast.     When  the  l«»oi 
makes  an  angle  of  tK)**  with  the  tiiaj^t  and  supi>ortJ?  at  it«  enil  a  load  of 
'.MXJ  Ih.  wt.,  find  the  t-on.sion  in  the  rope,  and  the  vertical  anil  horixont 
thrusts  on  the  pin  of  the  hinge  connecting  the  bcMim  to  the  niast. 


Friction  betmcen  Somds 

76.  Water  presses  against  the  vertical  gate  of  a  large  valve  with  a  tatai] 

force  of  .'iK.'iOO  lb.  wt.  The  gat<j  weiglis  1800  lb.,  the  coefTieient  of  static 
friction  between  tlie  gaK*  aiul  it»s  ways  is  0.20  and  the  coeflieient  of  kinetic 
friction  is  0.15.  Calculato  the  vertical  force,  (a)  neecssar>'  to  start  tiie 
gate,  (h)  necea.sar>'  to  keep  it  moving  upward  with  constant  speed. 

77.  A  horse  draws  a  load  weighing  2000  lb.  up  a  grade  *  of  1  in  20. 
The  resistance  on  the  level  i.*»  KX)  lb.  wt.  per  ton.  Find  the  pull  on  the 
traces  when  they  arc  psirallel  with  the  incline. 

78.  How  much  work  is  done  in  drawing  a  mass  of  100  kg.  at  unifumi 
speed  up  a  plane  6  meters  long.  incline<l  1^0**  to  the  horizontal?  Coefficient 
of  friction  is  0.2.  I 

79.  A  IkkIv  weighing  .^>0  lb.  is  bold  liy  friction  on  a  plane  incline*!  30" 
to  the  horizontal.  Fuul  lite  frictional  resistance  aud  the  prcKsurc  on  the 
plane. 

80.  A  unifonn  beam  weighing  80  kg.,  inclined  at  an  angle  t»f  GO**  to, 
Ihe  horix<jntal,  rcf^tt*  l>etween  a  rough  pavement  and  a  smooth  vertical! 
walh    Find  the  reactions  against  the  pavement  and  the  wall.  ami.  also, 
find  the  c<K'ificient  of  friction  l>clween  the  beam  and  the  pavement  whe: 
the  beam  i»  just  on  the  point  oi  slipping. 

'  The  crado  of  a  hill  ii  usually  R|irrifiitl  by  thr  ratio  of  the  vcrtiral  rifir  to  the  ImriBuui 
dtatwtor.     Thui  n  grade  i*  ■aid  tf<  be  1  in  3U,  ut  to  be  6  per  veuX,  whvii  the   lanivnt  o( 
inoUnaiion  equivb  Vio  or  0.06. 


81.  On  top  of  a  ?tep)adder  the  ?ides  of  which  make  an  angle  nf  60" 
with  each  other  stands  a  nian  wciRliing  70  k^.  Supp<:)3mg  oach  side  of 
the  stepladder  is  uniform  and  wciplis  10  kp.,  find  the  reaction  of  the 
ground  at  the  fiM^t  t)f  i-ach  side  of  tiic  ladder.  If  the  feet  of  the  ladder  are 
just  on  the  point  t>f  slipping^  find  the  coefficient  of  friction  between  the 
ladder  and  the  grijund. 

82.  The  weiglit  on  a  locomotive  drive  wheel  \b  20,(XX)  lb.  wt.  If  the 
coefficient  of  kinetic  frictitjn  between  the  drive  wheel  and  the  brake  shoe 
Is  0.3  and  the  niaxiiniiin  cneflicient  of  static  friction  l>etween  the  wlieel  and 
the  rail  \&  0,2,  find  the  ntirnial  l)rake  .■^hoe  force  that  will  produce  the  niax- 
imuin  retarding  force  i>n  tlic  loroinotive, 

83.  A  train  is  moving  vviili  anirortu  suited  up  a  2  pc^r  cent  grade.' 
Find  the  tennion  of  the  cttupiings  of  the  car  next  tti  the  hM'iunotive,  UKsum- 
ing  that  the  weiglit  of  the  (rain,  exclusivp  uf  the  loconit»Uvy,  tt»  l>e  SO  tonw 
and  the  frictional  resistance  S  lb.  wt.  jier  t^in. 

84.  A  boat  wei|fhing  1/iOO  11).  is  to  be  drawn  up  a  '20  per  cent  gnulo. 
The  c<K?fhcient  of  friction  Ix'twwn  the  lioat  nnd  the  I>cuch  is  0.3.  A  pair 
of  four-pulley  blocks  are  available,  as  well  as  f;uitable  rnpe  and  a  tree  for 
attaching  one  of  the  blocks.  Make  a  sketch  of  the  tackle  and  find  the 
force  rtHpiirwl  to  draw  tbe  boat. 

86.  A  Kafe  weighing  3.")(M)  lb,  is  to  ho  tjiken  throngli  n  door  .'i  ft.  above 
the  ground.  There  arc  available  sfimo  l.Vft.  planks  which  cun  l>p  n.-^cd  as 
ftkida,  a  rope,  various  pulley  blocks,  and  pufhcicnt  men  to  exert  a  pull  of 
360  lb.  wt.  Tlie  coefficient  nf  friction  belwcen  (he  sjife  and  tlic  skids  in 
0.4.  Draw  a  diagram  nf  t!ie  tackle  yon  \Vonld  use  and  compute  the 
teiufion  in  the  Mpe. 


I 


L'NirORMLY   ArrKt.KRATKn    LiNKAR   MOTION 
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86.  A  train  is  moving  ott  a  U'vel  track  with  a  s|K*e<l  of  40  mi.  per  hr. 
If  thebrakeu  are  api)liod  so  as  to  produce  a  retardation  in  the  speed  of 
10  ft.  per  sec.  i^tr  sec.  find  the  time  required  to  luring  the  train  to  rest. 

87.  If  an  euginocr  can  retard  hw  train  at  the  rat<?  of  4  ft.  per  sec.  per 
sec.,  how  far  from  a  station  must  he  put  on  his  brakes  if  he  is  traveling 
at  the  rate  of  (iO  mi,  per  hr.? 

88.  A  ball  is  thrown  up  and  5  sec.  later  is  caugbt.  {a)  How  high  did  it 
rise?     ih)  With  what  velocity  did  it  retuni  to  the  hand? 

89.  A  rifle  buhet  lesivos  the  muzzle  of  the  rifle  with  a  velocity  of  750 
tn.  |M»r  Rcc.  The  Iiarrel  is  SO  rm.  long.  Assmning  the  acr*iU'iiition  to  be 
constant,  find  it,s  vakic  in  cm.  per  sec.  per  sec.  Also  hud  the  Imie  token 
to  traverae  the  barrel. 


654 


PROBLEMS 


90.  A  lad  wishiufc  U\  time  the  shutter  of  his  camera,  huug  a  Up^  line 
from  u  secoii<J  story-  window,  und  hjid  a  wjmjjwiiion  drop  a  Uullet  frcin  tie 
aero  mark  on  the  tape,  lie  photographed  the  falling  bullet,  and  il»e 
negative  showed  that  while  the  shutter  was  open,  the  bullet  hod  movtd 
from  opposite  the  mark  10  ft.,  to  opposite  the  mark  16  ft.  4  in.  Find  the 
time  of  e.\ixj.suro  oi  the  plate. 

91.  How  h)ug  must  a  cfuuttant  force  of  1  kg.  wt.  act  on  a  kilognuii 
muMs  to  give  it  u  speed  of  50  cm.  per  sec,  from  rest? 

92.  A  force  equal  to  the  weight  of  2  kg.  acts  on  a  moss  of  50  kg.  Tor 
30  .setronds.  Calculate  (a)  the  aciiuired  speed,  and  (6)  Uie  distanoe 
piLs^sed  fivpr  in  this  time. 

93.  A  car  of  iyO  tons,  moving  10  ft.  per  see.,  Is  .stopped  by  a  bumper 
in  0..5  ficc.     Find  the  iiveragc  force  of  the  impact. 

94.  A  force  ci\nii[  to  the  weight  of  (Hie  ounce  acts  upon  a  pound  for 
10  sec.  Find  the  hjxhmI  pencrnted  and  the  disti\nce  through  which  the 
mB88  will  ho  nuaT<l  tn  10  f^ce.  if  the  Iwdy  starts  from  rest? 

95.  \Miat  is  the  force  et|uivalp:i)t  to  tlie  weight  of  3  kg.  at  a  place  where 
a  l)ody  sitarting  fnHu  rewt  falls  freely  through  44.1  ra.  in  3  sec.? 

96.  A  fuR-e  of  4  lb.  wt.  causes  a  certain  mass  to  move  from  rest  through 
IS  ft,  in  3  sec.     Find  the  mass. 

97.  A  body  U  projected  along  a  horizontal  plane  with  a  speed  of  100  ft. 
per  Bee.  If  the  coefficient  of  friction  is  0.1,  find  how  far  the  body  will 
move. 

98.  A  Ixxly  moves  10  ft.  along  a  horizontal  plane  before  coming 
rt'Ht.     U  th<^  coefficient  of  fKcliou  he-  0.1,  fuid  the  initial  speetl  of  the  Ixxij 

99.  A  mass  of  2000  11  >.  is  njoviuu  with  a  viiloeity  of  20  ft.  per  sec. 
force  of  100  lb.  wt.  opposes  the  motion.     Wliat  is  tlie  time  re*iuired 
lirinji  (lie  UmIv  (o  nt^l7 

100.  Find  the  mean  force  acting  on  a  nail  which  advances  0.25 
when  sirui'k  by  a  l-lb.  hammer  nio\*ing  with  a  speed  of  40  ft.  per  sec. 

101.  If  the  o<ieflRcieni  of  friction  between  the  driving-whrels  nf 
locdinotive  and  the  mils  is  0.2,  what  must  be  the  weight,  in  tons,  of 
loconHtlivp  in  order  to  exert  a  pull  of  5  tons*  weight? 

102.  Determine  tlie  tractive  force  required  to  haul  a  car 
100  tons  with  constant  velocity  up  a  2.5%  grade  when  the   coeffici^ 
nf  friction  is  0.00.^. 

103.  A  brrtty  weighing  60  lb.  h  just  set  in  motion  on  a  rough  horizonl 
plane  by  a  fi>rt'o  of  0  lb.  wt.  parallel  to  the  plane.     If  the  force  be  will 
drawn  and  the  plane  tiltedj  at  what  inclination   of   the    plane   to 
horizon  will  the  body  begin  to  slide? 

104.  The  slide  valve  of  a  certain  steam  engine  is  pushed  against 
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ve  scat  with  u  force  of  1000  lb.  wi.,  and  the  c«3cffioicnt  of  kinetic  fric- 
tion between  the  slip|iinR  surfaotw  is  0.04.  If  the  mass  of  the  sliding  sys- 
tem lA  50  ]b.,  find  the  force  roquirod  to  give  it  an  acceleration  of  100  ft. 
ppT  **oo.  fx»r  }*oc. 

106.  What  draw-bar  pull  must  u  looon»otive  exert  on  a  freight  train 
of  5000  tons  masa  in  order  to  get  up  a  speed  of  2  mi.  per  hr.  in  100  sec,? 

106.  Wlmt  constant  horizontal  forw*  is  re<inired  t4>  stop  a  train  of 
100  tons  mass  running  at  50  mi.  per  hr.,  (o)  in  1  min.;  (6)  in  200  yd.? 

107.  A  car  of  80  tons  starting  from  rest  on  a  level  road,  has  a  spred  of 
30  mi.  per  hr.  at  the  end  of  the  firit  mile,  l^etemiine  the  average  tractive 
force  of  the  engine,  {a}  if  there  were  no  frictional  resistance;  (h)  if  Uierr  i.x 
frictioiial  resistance  of  8  lb.  wt.  per  ton.  Also  find  what  tractive  force 
is  required  to  haul  the  same  car  over  a  level  road  at  constant  speed. 

106.  An  auUiinobile  weighing  with  load  1500  lb.  and  running  at  'SO 
mi,  per  hr.  bumpn  int*i  a  stone  wall.  The  fender  is  crushed  in  5  in.  Find 
the  avemge  force  of  the  blow. 

109.  A  body  slides  domi  a  smixjth  plane  326  cm.  long,  inclined  ut  an 
angle  of  30**  with  the  horizontal.  Calculate  (o)  tho  time  of  descent,  and 
(fc>  the  speed  with  which  it  reaches  the  bottom.  » 

110.  A  spring  Iwilance  faNt4*ned  to  the  roof  of  a  moving  elevator  cur 
indicalei!  75  lb.  as  the  weight  of  a  100  lb.  muss.  Find  the  acceleration  of 
the  motion  of  the  car. 

111.  An  elevator  having  a  mass  of  200  lb,  clianges  its  speed  by  10  ft. 
per  sec.  in  3  isec.  .What  force  in  pounds  weight  is  required  to  thus  accel- 
erate it«  uKition? 

112.  A  Minn  who  is  jusl  stn>ng  enough  to  lift  \'ii)  lb.  can  lift  200  lb. 
froni  the  floor  of  a  descending  elovat«;r.  What  is  the  accelemtion  of  the 
elevator? 

113.  An  elevator  of  S(K)  lb.  maw  is  pulltul  upwunl  mth  a  force  of  1000 
b.  wt.     Find  {a)  the  acceleration;   {b}  the  distance  the  elevator  wilt  riKo 

3«ec. 

114.  An  elevator  starts  to  descend  with  an  acceleration  of  3  ni.  per 
eec.  in  a  see.  Find  the  thrust  «in  the  fl|>or  prLnluct-d  by  a  ma.ss  weigh- 
iivg  75  kg.  Find  the  thrust  when  the  elevator  starts  to  ascend  with 
the  same  acceleration. 

116,  A  man  in  tlie  car  of  an  elevator  holds  a  10-lb.  package  in  his  hand. 
The  elevatiir  starts  to  rise  with  n  uniform  aceelemtion  such  that  the  car 
is  miscd  10  ft.  iti  '2  see.  The  cable  then  break.^,  thns  alhiwing  the  c^ir  to 
foil  fri*ely  to  the  Uittom  of  the  hhaft.  Find  the  pressure  (»f  the  {ULcknge 
on  the  man'jt  hand  when  the  elevator  was  rising  and  also  when  it  was 
failing. 


656 


PROBLEMS 


116.  A  Ixwly  is  sufipendwl  by  n  string  from  the  ceiling  of  a  milway 
When  the  frain  starts  Uie  ictring  h  deflected  10*"  from  the  vertical, 
the  rti:wlrTutioii  of  the  Inviri  nn  stnrting. 

117.  An  engine  winds  a  cuge  wvijuching  3000  kg.  Up  a  >^\iAiX  at  a  mtiU 
specil  of  10  in.  pt'T  inCC.     Hiid  llie  tension  of  the  rojie.     Kind  als<j  the 
fiion  if  the  aige  rises  with  u  uniform  acceleration  of  10  m.  jjer  sec,  in  a 

118.  A  mass  of  162  g.  hanging  by  a  perfectly  flexible  cord  ox^er  the 
edge  of  a  smooth  horizttntal  table,  drags  a  ma»$  of  973  g.  along  the  tali 
Calculate  (n)  the  acceleration  of  the  system;   {b)  tlic  tension  in  the  coi 

119.  A  con!  Ls  hung  over  a  pulley  with  masses  of  10  lb.  and  11  lb. 
either  end.     Neglect  the  weight  rtf  the  cord,  and  the  mai^  and  fricti 
of  the  pulley,  and  calculate,  {a)  the  acceleration  of  the  system,  (6) 
ten.sion  of  the  cord. 

120.  To  tlie  ends  of  a  rope  pasfliog  over  a  pulley  arc  attached 
btidies  of  unwjuid  masses,  (tne  of  300  r.,  the  other  of  s<«nething  more  tl 
300  g.    The  accelenition  imparted  U*  the  mai^ses  is  observed  to  \*e  45  « 
per  sec.  per  sec.     Neglecting  friction  and  the  mass  of  rope  and  pulli 
find  the  inas-^  of  the  larger  body  and  the  tension  in  the  cord. 

121.  A  lr>c<pnnttive  weiglis  35  tx)ns.     The  coefficient  of  friction  betw< 
tJie  wheels  and  rails  is  0.18.     Find  the  greatest  pull  the  engine  can  exert 
in  piiUiug  itself  and  train.     What  is  the  t-otal  weiglit  of  itj^df  and  ti 
whicli  it  run  draw  \i\)  a  1  iter  cent  grade  if  the  resistance  to  motion  on 
level  is  10  H).  wi.  |X;r  ton? 

122.  With  what  force  must  the  wheels  of  a  lO-lon  locomotive  pi 
agaiiLst  the  rails  parallel  to  the  ground  in  order  to  get  up  a  speed  of  15 
I»er  linur  in  a  distance  of  ."jOO  ft.?     >Vhat  iu  the  least  puefficient  of  frielii 
betw*t*n  llie  wheels  and  rails? 

123.  The  imuss  tif  a  certain  electric  strci't  vur  is  8  tons.     The  cneffici 
of  kinetic  friction  of  the  bearings  is  0.01.     While  going  with  a  speed 
\^  mi.  per  hr.,  the  current  is  tun»ed  off  at  the  moment  the  car  rcurhcri 
beginning  of  an  U|>-grade  of  5  per  cent.     To  what  height  will  tlic 
ascend? 


Unifoumly  Accelerated  Circitmr  Motion 


124.  A  piece  of  wire  of  ID  g.  ma.^  is  attached  parallel  to  the  axis  ot\ 
cylinder  of  15  cm.  nwluis.     Kind  the  force  nece.-^siiry  to  hold  the  wire 
pliicc  when  the  eyliiidcr  rotates  1400  times  pur  minute. 

126.  On  one  end  of  a  shaft  is  a  Hywho<>l  of  1000  lb.  maas  and  radiuif 
gyration  6  ft.,  and  on  the  other  end  is  a  pulley  of  2  ft.  diameter.     Find 
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aiifpilar  accrleration  of  the  syHteiu  when  tlie  two  sides  of  u  belt  on  the 
pulley  are  under  a  difftrcnce  of  tension  of  1(X)  lb.  wt. 

128-  Fiml  the  horissonlal  thrust  on  the  raiJs  wlicri  a  20-ton  engine 
mns  at  30  mi.  per  hr.  on  a  curve  of  I  mi.  radius. 

127.  A  c<jrd  can  just  sup|>«>rt  a  weight  of  2  kg.  WTiat  k  the  greatest 
length  of  it  that  can  lie  used  to  whirl  a  niai*s  of  500  g.  in  a  horizontal  circle 
at  a  nite  of  2  revoluti«)ns  per  sec.? 

128.  A  stone  of  rnaHs  2 11).  in  whirled  at  the  end  of  a  string  3  ft.  long  in  a 
liorizniital  circle  with  a  velr>city  of  30  ft.  per  sec.  What  is  the  t-onsion  in 
the  string  in  poundn  weight? 

129.  A  large  lutrizontal  rotating  platform  is  started  from  rest  with 
Itiully  incroiising  ^pe^'d.     A  Ixiy  Is  sitting  on  the  platform,  3  ft.  from 

the  center.     The  coefTident  of  friotioii  lu^lvvw^n  th('  platform  ami  tlie  l>oy 
is  0.3.     Find  the  angular  f'^x'i.'d  at  which  the  Ikiv  just  iK-gins  to  blip, 

130.  A  Hywheel  iit  unljulamxti  by  an  amount  ef^uivalerit  to  a  ntass  of 
20  U>.  adde<J  at  a  i«Mnt  3  ft.  frfHu  the  axi.H.  If  the  fly  wheel  revolves  at 
"tfie  n\ie  of  30  rev.  i^ir  iiiiii.,  liiid  i\u'.  magnitude  of  Iho  force  due  to  the 
lack  of  Imlanee  tending  to  lift  the  llyvvhei'l  from  it>  limrings. 

131.  When  a  20-ft.  swing  i.s  vertical,  the  push  of  the  <»oeupant  against 
the  iiciit  is  1.5  of  hL<  weight.     Find  the  linear  speed  at  that  instiint. 

132.  A  pail  of  water  is  rofatwl  in  a  vertical  i)lni\e  in  a  circle  of  1  m. 
mdiu.s.  Find  the  greatest  periitd  of  revolution  tlie  pail  can  have  without 
the  water  spilling. 

133.  A  train  of  tniuss  .lOO  tons  is  monng  around  a  curve  of  radius 
.500  ft.  with  a  speed  of  30  n»i.  \ycr  hr.  Find  the  re.^^ultiuit  thrust  nn  the 
track,  and  also  .find  the  angle  of  elevation  uf  the  track  that  will  prevent 
any  tendency  of  the  train  to  leave  the  track  or  wrench  the  rails. 

134.  What  is  the  proper  su|>erelovation  of  the  outer  mil  of  a  tnvck 
4  ft.  S  in.  wide  at  a  curve  of  2(X)0  ft.  radius  for  trains  having  a  st)eed  of 
45  nii.  per  hr.? 

136.  A  l>icyclist  g<rt'n  around  n  h:df-nule  circular  track  with  a  speed  of 
O..V>  mi.  per  uiiu.     Wlmt  is  his  iacliimtion  to  the  vertical? 

136.  A  l-ton  automobile  is  moving  with  the  speed  of  60  mi.  per  hr. 
around  a  curve  of  500  ft.  radius.  Find,  Ui)  the  centripetal  force  acting 
on  the  car;  (/;)  the  angle  which  the  track  should  incline  to  the  horiisontal 
ID  order  that  there  may  Ix'  no  tendency  to  skid. 

137.  The  tlywheel  of  a  punch  has  a  m:iss  of  .jOO  lb.,  and  a  radius  of 
gyration  of  IS  in.  Fii»d  what  must  Ik*  the  initial  angular  velocity  in  order 
that  wheji  (he  iMuich  i.«  exerting  a  force  of  40,00f)  lb.  wt.  tlirough  a  distance 
of  0..5  in.,  the  velocity  bhall  not  be  reduced  more  than  75  per  cent,  of  its 
initial  value. 
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138.  A  body  of  30  g.  nmse  ih  I'onstramed  to  move  in  a  horizontal  ciirle 
of  fiO  cm.  radius  by  a  rentriil  forct*  of  '.i2i)0  dynes.  One  sec.  after  passmg 
the  north  point  of  the  circle,  the  coufitraint  middenly  ceases.  Fmd  the 
aniwmt  and  direction  of  the  immediately  sub^iet^uent  velocity. 

E.VERUY    AND    PoWEU 


139.  Wliat  dead  weiglit  will  a  pile  .support  which  sinkts  I  iu.  wfa«n 
Htruck  by  a  50-Ib.  pikMlriver  hammer  faJUng  2o  ft.? 

140.  A  runaway  leiuii  pulling  100  lb.  wt.  developB  4  borse-puwer. 
Find  the  Hpeed. 

141.  A  hor%  hauhng  a  ('.art  at  the  rate  of  4  mi.  per  lir.  exerts  n  pull 
of  100  lb.  wt.     Kind  the  horse-power  fumiFhed  for  haulinf;  the  cart., 

142.  A  moving  stairway  A^°  to  the  horizontal  carries  a  load  «f  I.i.OOO 
lb.  wt..  thniugh  a  vertical  dLstanre  of  40  ft.  at  a  speed  vip  the  incline  of 
2  ft.  per  SOP.  Assuming  that  one-half  the  energ}'  Hupplied  ii*  required  to 
overcome  friction,  find  the  horee-power  of  the  engine  required  to  operate 
the  Htnirway. 

143.  Fii»d  the  horse-power  of  a  tractor  traveling  at  3  mi.  per  hr.  (uid 
exerting  on  a  plow  a  force  of  180  lb.  wt. 

144.  A  given  tract^)r  develops  8  horse-power-hours  of  useful  workoD  I, 
gal.  of  gai^olene.    A  gang  of  plows  making  3  furrows  of  a  total  width  of  on( 
fourth  of  iiixid  requires  a  draw-bar  pull  to  16501b.  wt.     Find  the  amuunl 
of  gasolene  required  to  plow  a  field  of  80  acres.     (An  acre  equals  100  i^. 
rods.) 

146.  A  pile  ifi  to  bo  driven  into  gn)iind  which  resists  penetration  with 
force  equivalent  to  the  weight  of  15,000  lb.  If  the  pile  is  struck  hy  tl 
300-11).  hitniiiicT  of  a  pile  tlriver  moving  with  a  velocity  of  30  ft.  per 
lutw  far  will  it  be  driven  at  each  blow? 

146.  What  pull  ntust  a  horse  exert  upon  a  wagon  traveling  5  mi. 
hr.,  in  order  to  develop  1  horee-power? 

147.  A  htiivG  draws  a  wagon  along  a  level  road  at  a  speed  of  4  mi.  per 
hr.     Ilic  triice.s  slant  upward  at  an  angle  of  20°  with  the  horizonl 
The  pull  in  the  traces  is  100  lb.  wt.     Kind  (a)  the  work  done  in  1 
ih)  The  horse-power. 

148.  A  Mt  traveling  with  a  speed  i»f  ofl  ft.  |ier  .^lec.  transmits 
lu)rs**-powcr.    Find  the  difference  in  the  tensions  in  tlie  loose  and  tight  sii 
of  the  Mt. 

149.  The  engines  of  a  steamship  develop  10,(X)0  horae-power  wlion  tl 
speed  of  the  ship  in  b5nn.  perhr.  Ajistjming  that  25  per  cent  of  the  powi 
is  utilized  in  propulsion,  find  the  forward  thrust  of  the  screw. 
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UO.  How  many  pounds  of  wftt<»r  can  be  pumped  per  minute  from  a 
nuDC  5()0  ft.  deep  hy  an  enKinf  PxpfmliiiK  2(1  ln)rsf*-|_H)wiT? 

161,  A  btiy  turns  a  grindr^toiie  at  tlic  rale  uf  1*0  rev.  jmt  tiiin.  by 
ftMrtiiiK  ftn  ttvemgo  force  of  10  lb.  wt.  perpendicular  iu  a  cftink  1  ft.  long. 
HihI  the  horse-power  exerted. 

162.  A  boy  turns  the  crank  uf  a  grindstone,  rotating  uniformly  15 
tuin^  p<»r  minute.  Tlie  crank  is  40  cm.  lung,  and  h\s  nvcra^v  force  per- 
pemiirular  to  the  crank  is  3  kg.  wt.  How  much  work  dotw  he  do  per 
wcund?     Express  his  rutc  in  liorsc-power  and  wattd. 

153.  How  much  work  is  done  in  pumping  UXX)  gill,  of  wat<^r  out  of  a 
ft'Hl  .'10  ft.  deep  in  5  min.  if  I  gal.  of  water  woiglis  S.'A  lb.?  What  hurs<^ 
pwwer  would  He  r«)uirp<l? 

IM-  Hrtw  many  imurKls  of  coal  ftan  Ix*  elevated  50  ft.  in  1  hr,  by  a 
iO  borsc-p'jwer  engine,  if  the  friction  of  the  hoLsting  mechanism  absorbs 
an  amount  of  energ>'  equal  to  that  required  in  raise  the  coal? 

166.  A  10  horse-power  water  turbine  tninsforms  55  per  cent  of  the 
energy  of  a  waterfall  into  useful  work.  If  the  heiglit  of  the  fall  be  100  ft. , 
find  the  nwiss  of  water  tluit  falls  in  each  jjcc. 

166.  A  steam  pump  fills  a  tank  with  water  in  4  hrs.  Tlie  capacity  of 
the  tatik  is  5000  ga).,  and  the  elevation  of  it.'*  center  of  gravity  is  40  ft. 
If  a  gallon  of  water  weigh.«  8  3  1!).,  wliat  is  the  total  work  done  and  what  is 
(lie  honie-p<»wer  of  the  puuip? 

167.  An  eight'-oared  crew  makes  .'J5  strokes  per  minute.  The  pull  in 
CJich  stroke  is  for  a  distance  of  5  ft.  and  the  aventge  pull  per  man  during 
eaeh  stnike  In  70  lb.  wt.     CaUndatc  llu*  imi-se-ixtwer  of  the  crew, 

168.  The  cylinder  of  a  stejini  engine  lm,s  ti  diameter  of  15  iu.;  tiie 
stroke  is  li  ft. ;  the  number  of  strokes  is  77  per  min.;  the  mean  pressure 
of  the  steam  is  40  !b.  ]m^t  sq.  in.  What  is  the  horse-power  of  the 
engine? 

169.  A  body  of  mass  3(K)  lb.  is  raised  in  an  elevator  "0  ft.  How  much 
is  itfl  potential  energj'  increased?  What  must  be  the  horse-power  of  (he 
motor  which  can  raise  the  mass  70  ft.  in  5  sec.? 

160.  Find  the  available  power  of  a  stream  that  flows  at  the  rate  of 
1000  cu.  ft.  per  hcc.  over  a  dam  15  ft.  high. 

161.  The  fails  of  Niagara  are  IfW)  ft.  high.  It  is  eHtimate<l  that 
700,000  tons  of  water  pa.ss  over  per  minute.  Calculate  the  equivalent 
horee-power,  if  all  this  energy  could  Ijo  uliJizcd. 

162.  Steam  is  aduiitt4xl  to  the  cylinder  of  an  engine  in  such  a  manner 
Uiat  the  average  pressure  is  120  lb.  \v^r  sq.  in.  The  urea  of  the  pi.ston  is 
54  sq.  in.  and  the  U»ngth  of  .stroke  is  12  in.  How  much  work  can  be  done 
during  a  s-ingle  coLUplete  strtike,  assuming  that  stean)  is  admitted  to  both 
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sides  of  the  piston  in  nuccession?    What  Ls  the  horse-pfiwpr  of  ihc  p*[l''** 
when  it  is  making  300  stnikes  per  minute?  ■ 

163.  A  I.Vk.  hiillet  moving  with  a  v(^lucity  nf  (UW  ni.  per  hk\  \k\ 
tmt<'^  'A2  nn.  of  wtntd.     What  L^  llic  (ivrraKO  rosb^tmice  to  penetrnti/iri' 

164.  A  Ijull  weighing  5  oz.  and  moving  with  a  speed  t>f  lODO  ft.  per  sec. 
picrres  a  shield  and  moves  on  with  a  »peed  of  400  ft,  per  sec.     Find 
energ;>'  lout  W  piiTfing  the  shield. 

166.  C'aU'ulate  \\w  hor*e-power  of  a  man  who  strikes  25  hlows  p 
mill,  on  an  uiivil  with  a  14-lh.  hamnir-r.  if  the  vdix-iiy  of  flii»  liainimT 
striking  the  anvil  is  32  ft.  per  sec. 

166.  A  hicyciist  along  a  level  ro.id  inaiinains  a  ^JM•<•^|  of  111  mi   |wt  hrj 
and  works  at  tlir  rate  nf  ontMentli  h< ir>e-power.     What  is  the  n-M^lHW 
to  motion  whiHi  lie  ix  ohligi*<i  to  ovenimip? 

167.  How  ittuch  work  munt  lie  done  on  a  train  of  total  tnufis  40  tons 
to  give  it  a  H|jeed  from  nwt  of  30  mi.  per  hr.?  What  force  must  Ui  applied 
to  bring  the  train  to  re^l  in  a  distunee  of  oOO  ft.? 

168.  A  sled  and  ritler  weighing  100  lb.  roach  the  foot   of  a  hill  W 
high  with  a  siH-ed  of  'A)  ft.  [M»r  see.    At  the  fixjt  of  the  liill  Is  a  level 
road.     The  cr»efhoient  of  kinetic  friction  lietween  the  sled  and  the  In 
road  is  0,03.     Find  (a)  the  amount  of  work  done  against  the  frirtion  of 
hill.   (/')  (he  di.«<tanee  the  slefl  will  move  along  the  level  rojid. 

169.  A   mans  moving  horizontally  with  a  s|)eod  of  100  ft.  per 
meets  a  smooth  plane  inclined  30**  to  the  horizontal.     How  far  up  the 
plane  will  it  move? 

170.  t'aleulate  the  horv-power  of  a  locomotive  which  is  moving  at  tl 
rat<!  of  20  mi.  [mt  hr.  up  an  incline  which  risr-s  I  ft.  in  100.  tho  majis  of  tj 
locomotive  ami  loatl  U'ing  fiO  Uuis,  an<l  the  frictimial  resistance  12  H 
wt.  per  ton. 

171.  Find  the  hors(»-|j»>wer  re(iuired  of  a  loeoni(»live  to  haul  a  train 
100  loiLs  at  30  mi.  |x'r  hr..  tlu-  n.-sistance  ainoimting  to  S  U>.  wt.  per  Ut 
(a)  on  a  level  ixmd;   (/»)  up  a  I  jkt  wnt  BTnde;   (c)  upa  2  |>er  ee-nt  grade. 

172.  A  thin  n»iie  is  woimd  aniuiid  t  lie  fl>-\vhcel  of  an  engine  <»f  whit 
the  radiuB  is  10  ft.     When  the  speed  of  the  ft>-wheel  is  300  re\-.  per 
the  difference  in  ttMislon  at  tlie  two  end,*  of  the  rope  is  40  lb.  wt. 
oulate  the  hftrse-jxiwcr  of  tlie  engine. 

173.  Find  the  horse-jH)\vtT  rtMpiired  \ti  rab^e  UXK)  lb.  of  water  per  ni 
iit^:  through  a  height  of  20  ft.,  the  water  lea\ing  the  top  of  the  pipe  w\ih\ 
horizontal  vehicity  of  10  ft.  per  sec. 

174.  Find  the  horse-|Hiwer  ncc(!SKary  to  turn  a  2-in.  shaft  100 tvv.  p 
niin..  if  it  exerts  on  thi*  l»«irings  a  force  of  ItHK)  lb.  wt.  and  the  c4»eJ!jci( 
of  friction  is  0.0 1. 
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175.  Find  the  hoive-pow'er  re(|uired  to  drive  iiri  iiiiU>mobile  of  lnO() 
.  up  a  f)  per  cent  gnide  at  the^  rat«  of  25  mi.  per  hr.,  tliu  (joelTitiient  of 

Trietidii  l)eing0.1. 

176.  A  cut  is  made  on  a  4-in.  iron  shaft  raaking  10  rev.  per  iniri.; 
the  pres»-ure  on  the  tool  is  435  !l>.  wt.  I'irid  tlie  hnrsos-power  exjicnded  at 
the  tool. 

177.  A  motor  car  with  diftoonneetcd  enKine  e-ooHt^^  down  a  5  per  cent 
pide  with  B  coni*lar\i.  six>ef!.  ('alouhito  the  reststAnee  to  motion  in  lb.  wt. 
per  ton  of  the  car's  weight. 

178.  What  ]vjwor  must  i>o  developed  V>y  tlie  eufrinc  of  the  ejir  eonsid- 
aed  in  the  uUne  question.  lUHsuminij;  it  to  weigh  I  U>n,  in  order  to  i>ro[)eI 
it  with  a  speed  of  20  mi.  iier  hr.  (n)  along  tlie  level,  {h)  up  the  same  sloiie? 

179.  A  f-hrtft  tnuismit>  UHl  hnrse-i>o\svr  ;xnd  nm.**  at  a  speed  of  2^} 
rpv.  ptT  lain.     Cttk-uhU*  the  tonpie  exerUnl  i»n  the  shaft. 

180.  Kxpress  the  value  4.2  (10')  ergs  per  see.  in  tc^m^  of  fiM.t-|Hiiioils 
pf^r  min. 

181.  Two  pulleys,  each  3  ft.  in  diameter,  are  connecteiJ  by  a  leather 
bell  pulle^l  M)  ti^lit  that  the  1\vo  parts  uf  the  l>elt  not  in  rontuft  with  tlie 
jMilleys  nmy  Ix*  rej^ardetl  as  straiji;lil  and  parallel.  The  linear  spwd  iif  the 
belt  18  2400  ft.  per  min.  The  toiiHion  uf  LIh'  tight  side  of  the  belt  Is  500  lb. 
wt.  and  the  tension  in  the  nlaok  side  of  the  Ix'lt  iy  200  lb.  wt.  (a)  H(jw 
many  fcM-it-poinnls  uf  W4)rk  ure  l>eing  delivertMl  every  minute  by  the  driven 
pulley  to  the  machinery  to  which  it  is  attached?  (b)  How  many  horse- 
power are  being  transmitted? 

Klwd  Prkssiike 

182.  If  the  area  »if  a  mans  Ixidy  is  l.*)0  sq.  m.,  what  is  the  total 
atni'ispheriL'  f(tr<!e  to  which  he  is  rfubjert  when  the  barumeier  suuids  at 
753  nun.? 

183.  Find  the  foree  nenssary  to  hold  a  .  tr  a^piinst  an  o;»enin(t  of 
tuea  7'2  sq.  in  m  the  lv)ttom  of  a  ship  whrn  M-       -ning  is  15  ft.  below  the 

ce  ol  the  sea.     (1  eu.  ft.  uf  sea  water  weij;ns  fA  lb.) 

184.  Find  the  force  tending  to  rnish  in  a  diKir  of  2  «[.  ft.  are-a  in  a  ruI>- 
maxine,  when  the  boat  ia  100  ft.  Iwlow  the  surface.  (1  cu.  ft.  of  sea  water 
weijths  t>4  lb.) 

186.  A  pail  20  em.  in  tliamet^r  at  the  bottom,  30  cm.  in  diamel^-r  at 
the  top,  22  cm.  high,  in.siiln  meiuMurement*.  and  weiKhing  1.5  kg.  j*tantls, 
full  of  water,  upon  a  tjible.  The  eapaeity  uf  the  pail  is  10.94  liters. 
Calculate  (a)  the  total  fon»,  due  to  the  water,  on  the  bottom  of  the 
pail.     (6)  The  total  force  of  the  pail  and  contents  against  the  table. 


662 


PROBLEMS 


186.  The  preesiire  in  a  city  water  main  Is  40  lb.  per  sq.  in.  The  diam- 
eter of  the  pliiiiger  of  an  hydraulic  elevator  is  12  in.  Lcn«  by  friction  is 
one-third.     How  lieu^'J'  a  load  can  the  elevator  lift? 

187.  At  Yr'hat  depth  beneath  the  surface  of  a  lako  will  the  proieurp  be 
200  lb.  per  sq.  in.  when  the  bar<nnetor  stands  at  29  in.? 

188.  \Miat  will  Ik*  the  diffepence  in  the  readings  of  two  barometem 
situated  at  the  forjt  and  at  the  top  of  a  hill  30  in.  high? 

189.  A  rectatipilar  scow  30  m.  long  and  5  m.  wide  weiRhd  25,000  kg. 
find  the  depth  of  fresh  water  re(4uired  to  float  it. 

190.  The  gates  of  a  canal  lock  have  a  width  of  20  ft.  The  vrater-lcvi 
on  one  side  of  tlie  mitt^  \s  10  ft.  higher  than  the  level  i»n  the  oppi>^ite  si( 
of  the  gate.  Find  the  difference  in  the  total  force  on  the  two  sidce  of  tl 
gat«. 

191.  A  V-Mhai)ed  open  manometer  contains  kerosene  of  ihp.  gr,  0.' 
Kind  the  di.'^pIanMncnt  i>f  tlie  h<iuid  n'Unnn  prochu^ed  by  a  difference* 
presfiiin*  "f  1  iimi.  of  mercurj',  {o)  when  the  sides  of  the  manomotfr  are] 
inehne<l  45*'  U)  the  horisontal;  (b)  when  inclined  30°. 

192.  WTiat  is  the  pressure  in  excess  of  the  atmospheric  presMirf  n*  a 
depth  of  r>0  ft.  l»rltiw  tlie  t^urfiice  of  the  sea? 

193.  Determine  tht*  available  wat^r  pressure  (in  lb.  wt.  per  sq.  in. 
in  a  liiHoratorj'  which  is  sujipluHl  from  a  tank  at  a  height  of  40  ft. 

194.  The  lever  of  a  hyrlraulie  press  gives  a  meelianieal  (ulvantnge  of  6] 
the  sectional  area  of  the  smaller  plunger  is  0.5  8q.  in.  and  that  of  the  lurger' 
pluitRpr  15  sq.  in.  A  iVWib.  nias«  is  hung  from  the  handle.  Wiat  weight 
will  the  linger  plunger  .sustiiin? 

196.  If  the  dianieters  of  the  pist^^n  of  a  hydraulic  press  arc  in  the 
ratio  of  !0  to  1,  and  a  force  of  14  lb.  wt.,  applied  to  the  handle  pnxluccs  a 
pressure  of  2240  lb.  wt.  on  the  larger,  what  is  the  ratio  of  the  arnui  of  the 
lever  used  for  w<  irking;  the  piston? 

196.  The  two  pistons  of  a  hy<lruulic  press  have  diameters  of  a  foot  and 
an  inch  respectively.  What  is  the  pressiire  exerted  by  the  larger  pist^m 
wlicn  a  weight  tif  56  lb.  is  plactxl  au  the  smaller  one?  If  the  stroke  of  the 
smaller  pislxin  is  1.5  in.,  through  what  distance  will  the  larger  pislfrn  have 
moved  after  ten  strokes? 

197.  What  ebatige  in  the  atmospheric  preBsure  is  indicated  by  a  (all  of' 
1  in.  in  the  height  of  a  banmietric  r(»lumn? 

198.  To  what  depth  must  a  di\'ing  l>ell  150  em.  high  be  immersed  in 
ftrder  that  the  wnicr  may  rise  100  cm.  within  it?  Barometric  reading  is 
74  era. 
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199.  A  hollow  sphere  rnatle  of  a  material  of  density  7  g.  per  cc.  will 
Boat  completely  submerged  in  wa.ter.  How  large  is  the  cavity  in  pro- 
portion to  the  entire  sphere? 

900.  A  cubic  foot  of  intn  weigliH  425  ll>.  when  atiHpended  in  oil.  \\^at 
t&  the  spe<!ific  gravity  of  the  oil?  What  wimld  the  iron  weigh  if  suspended 
in  wat^T? 

901.  A  diamond  ring  weighA  4  g.  in  air  and  3.72  g.  in  water.  Find 
the  weight  of  the  diamond  if  the  HpeciBc  gra\'ity  of  the  gold  is  17.5  and 
tlmt  of  diamond  in  .3..5. 

902.  A  bKK*k  of  w(kk1  of  volume  100  ce.  and  sp.  gr.  0.75  floats  in  a  cer- 
latii  liquid  with  twothirds  of  (lie  vnlumo  nf  the  hUn'k  )>encttth  the  surface 
of  the  liquid.     \Mmt  is  the  f^pcvifir  gmvity  nf  the  litjuid? 

903.  What  i«  the  greatest  weight  that  a  cubic  yard  of  ice  Jlua ting  iu 
eea  water  will  support? 

904.  A  blciok  *if  wood  having  a  oro«s-section  of  5  cm.  X4  era,  and  a 
licight  of  3  cm.  float.s  in  water  immersed  to  a  de[)th  of  2.5  cm.  What 
wHtsa  laid  ou  top  wjuld  be  sufficient  to  cause  complete  iimucr»ion  of  the 
biwk? 

905.  A  lwlhM>n  dii^plaee^i  10,00()  cu.  ft.  of  air.  Assume  that  air  weighs 
O.OS  lb.  per  eu.  ft.,  that  the  gas  weighs  0.05  lb.  per  cu.  ft.  and  that  the 
niat«*nal  t»f  the  bag  weighs  85  lb.     What  lifting  force  will  the  balloon 

906.  A  bfdloon  contains  JOOO  ru.  m.  *if  a  gas  whose  density  if  0.000002 
%,  per  CO..    Calculate  the  total  weij^ht  which  the  balloon  will  lift. 

207.  What  vohime  of  lead  nlta*'he<l  tit  the  underside  of  a  Cfirk  float, 
ol  Bp.  gr.  0.52  and  volume  UK)  cc,  will  pull  the  cork  down  until  three- 
fourths  of  its  volume  are  under  water? 

908.  If  a  b*Miy  ha<  ii  mass  of  I.tO  g.  and  a  volume  of  20  cc.  what  weight 
will  it  lose  if  immersed  in  watrr?     ^Miat  is  its  s|iecific  gmvity? 

209.  A  ?nass  of  iroti  is  plarpd  in  a  vessel  containing  mercur>'.  Deter- 
mioe  the  portion  (»f  the  iron  submerged. 

■  910.  A  cubic  foot  Of  air  weighs,  at  the  sea  level.  1.28  oz.  I>iflregardinK 
changes  due  t^»  temiK^ratun*,  what  would  Ix*  the  buoyant  fierce  of  the  air 
on  on  object  liaving  a  vulume  of  10  cu.  ft.  tit  an  altitude  where  the  mer- 
cury in  a  Inirometer  stands  half  :u*  high  as  when  on  the  ground? 

21t.  An  iron  b<jdy  weighing  275  g.  fi<iats  in  mereury  with  0.556  of  its 
volume  immerse<l.     Rwinired  the  volume  and  density  of  the  body. 

212.  A  t>ar  of  idiiminurii  UTiglis  .^4..S  g.  in  vacuum.  What  will  bo  the 
loefl  of  weight  when  it  is  weighed  in  water? 
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213.  A  hollow  E^topper  made  of  glass  of  deDsity  2.6  g.  per  cc. 

23.4  g.  iu  air  and  3.90  g.  in  wut4;r.    What  is  tiie  volume  of  the  in! 
cavity? 

214.  \V1iat  is  the  total  volume  of  an  iceberg  which  floats  with  700 

cu.  yds.  cxikjkh!?  ^m 

216.  A  solid  which  weiglin  120  g.  in  air  i»  found  to  weigh  90  g.  in  wut0^| 

luul  7S  g.  in  a  strong  solution  of  zinc  sulphate.     What  is  the  specific  graxnly 

of  the  ftolutinn? 

216.  Using  brass  standard  masses,  a  body  which  weighs  1030  g.  in 
weigks  905  g.  in  wiit*'r  ul  4"  C.     ^Vliat  would  it  weigh  in  vacuum' 

217.  A  stfyinicr  in  K<*iriK  from  salt  into  frej^h  wator  is  obscn'cii  to  sii 
2  in.,  hut  after  huniin^;  50  t^ins  of  <H>al  to  rise  I  in.     Assuming  tlu-  density 
of  salt  water  to  lie  (>4  lb.  ix^r  cu.  ft.  and  of  fresh  water  02.5  !b.  |ier  cu.  fWj 
find  the  Htcamer'a  displacement  l>efore  she  cntcre<l  the  frcHh  water. 

218.  A  nuuss  of  28.1  g.  of  sfjecifin  gnivity  5.59  and  another  mass 

35.5  p.wcigh  the  wime  when  immersed  in  water.     \Miat  is  the 
of  tliL-  f^'cond  iMKiy? 

219.  What  i>ortion  of  an  icelx^rg  is  above  water?  • 

220.  What  lis  the  net  lifting  ability  of  a  balU>»n  weigliing  250  kg. 
c<)ntiiin>  4iKl  on.  in.  of  liydroK('n?     'Hu'  weight  of  a  cubic  meter  of  air 
V2(K)  g.;  of  hydrogen  is  90  g. 

221.  The  volume  of  a  baUooii  filled  with  coal  gas  is  l,000.(KK)  Uters, 
its  ma««,  including  the  car,  but  not  the  gas,  is  5(K)  kg.     If  the  density  of  tl 
air  is  1.28  and  that  of  the  coal  gas  i.s  0.52,  both  iK-ing  in  grams  per 
find  what  additional  weiglit  the  luilloihu  can  sustain  in  the  air. 

222.  An  ornament  made  of  gold  and  silver  weiglis  76.S  g.  and  has 
HiK-eific  gravity    18.0.     Assuming  the  volume  of  the  alloy  is  ciiual  to  tl 
iHMiibined  volume  of  the  eoiup*)neiit  jwirts,  eideulate  the  maasos  of 
iuid  of  silver  in  the  bivdy. 

223.  A  b(mt  weighs  1200  lb.  an<i  floats  with  one-third  of  its  voluin 
immcrsnd.     A  lead  keel  is  tti  Im^  attacheil  outside  so  tiiat  it  will  float  wil 
two-thirds  of  its  volume  immersed.     Calculate  the  tnass  of  the 
rcijuired.     Would  the  same  mass  of  lead  be  equally  effective  if  ph 
insifle  llu'  boat? 

221.  Calculate  the  amount  of  work  done  in  forcing  a  block  of  wood 
volume  S  (10*)  cc.  and  specific  gravity  of  0.8  to  the  bottom  (»f  a  pond 
water  5  m.  deep. 

226.  A  ma.s.s  of  20  kg.  h  al  the  bottom  of  a  lake  10  m.  <leep.     Th( 
speeilic  gravity  of  the  Ixxly  is  5.11.     Calculate  the  amount  of  work  requii 
to  lift  it  to  the  surface,  assimiing  5  per  cent  of  the  force  exerted  to 
used  to  ox^ercome  friction. 
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►.  A  round  rod,  2  in.  in  dmnioter  und  20  ft.  long,  is  stretched  J  in. 
by  n  force  of  lO.CKK)  lb.  wt.  Cakmlute  the  value  of  {«)  the  longitudinal 
stress,  {h)  the  longitudinal  strain. 

227.  A  piece  of  brass  wire  0.101)0  cm.  in  diatnoter  and  27.1  cm.  long 
ia  stretched  0.133  cm.  by  the  addition  of  a  loa<l  of  0.454  kg.  wt.  Cal- 
c^ilat*'  the  stress  ai»d  the  strain  and  fuid  YoimK'x  infMlulu.s  for  the  ^iire. 

228.  A  UhuI  of  10  kg.  Md.  is  to  be  supported  by  a  wire  2  rn.  long. 
Young's  niodulu.s  for  the  wire  m  S  (10")  dynes  per  sq.  cm.  What  must 
be  tlie  crtwtv-sectiorial  area  of  the  wire  for  a  maximum  stretch  of  1  mm.  on 
application  of  the  load? 

239.  Taking  Young's  modulus  for  iron  as  19  (10^0  dynes  per  sq.  cm., 
find  the  increase  in  length  of  an  iron  wire  3  m.  long  and  1  mm.  diameter, 
when  stretched  by  a  force  of  5  kg.  wt . 

230.  What  is  thp  value  of  Ihc  bulk  modulus  nf  water  when  2000 
cu.  in.  of  water  are  reduced  to  \SSi)  cii.  in.  by  a  pr(»snure  of  30(K)  lb.  per 
sq.  in.? 

231.  Find  the  mean  density  of  a  tnixtiire  nf  S  partj*  liy  volume  of  a 
substance  of  density  7.  with  I'.i  parts  of  u  ^ut»rttanc<?  of  dcnyily  'V 

232.  Kind  tiie  mean  density  of  a  iiiixture  of  S  iMiH.s  by  weight  of  a 
jeulwliincc  of  den.sily  7,  with  19  jmrt^s  (*{  u  sul>stiince  of  density  3. 

233.  Two  parts  by  vcthuiie  of  a  liquid  of  Hpecific  gravity  O.H  are  mixed 
with  7  of  water,  nnd  the  n»ixture  .''hrinki*  in  the  ratio  of  21  to  20.  Find 
Uie  sptfific  gravity  of  the  mixture. 

234.  Intn  an  uir-tight  wati^r  tank  luiUhng  KKK)  gal.,  water  is  puni|x»d 
until  the  lank  in  three-fourths  full  of  vvator.  Find  the  pressure  in  lb.  wt. 
per  sq.  in.  due  to  the  compr<?ss(>d  air. 

236.  A  diver  in  a  flexible  diving  t^uit  ami  thercf(»re  subjectetl  to  the  full 
pres?iure  of  the  water.  desceud.s  Ici  a  depth  of  KH)  ft.  in  sea  water,  {a) 
To  what  pn.'SHure  gn'-iiler  than  that  of  the  atmosphere  is  the  diver  sub- 
jected? (6)  If  a  diver  at  this  depth  and  breathing  air  at  the  resulting 
pressure  nniuires  2r>0  cu,  in.  of  air  ])er  ruin,  how  much  air  jier  min.  mus( 
the  pumjjs  at  the  .^^urface  whidi  supply  hirn  take  in?  ll  is  a-nsumed  that 
the  temix*ratur^'  of  the  air  when  it  rcacliLvs  the  diver  is  the  same  as  that  (ff 
the  air  Uikcu  in  by  the  (Nimps. 

236.  In  a  cylinder  whose  piston  has  an  area  of  20  si{.  ui.,  600  cu.  in.  of 
air  is  under  a  pressure  of  30  lb.  jjer  sq.  in.  The  pressure  Is  increaswi  to 
120  lb.  per  in\.  in.  If  the  average  prf^ssnre  during  the  compreiwion  can  be 
taken  to  Iw  75  lb,  per  sq.  in.,  haw  nuirh  work  inu.nt  be  done? 

237.  Water  is  punipetl  into  the  bottom  of  an  air-tight  tank  holding 
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1000  gal.,  compressing  tiie  air  above  it  until  a  pressure  of  50  lb.  per  i 
is  reache<i.  How  much  water  does  it  then  contain?  If  200  gal.  of 
are  drawii  off,  what  will  the  pressxire  then  lie? 

238.  A  pneunuitic  tire  i.s  blown  up  to  a  pressure  of  75  lb.  per  sq. 
In  the  pump  employed  Uic  pi^^ton  area  is  3  sq.  in.  and  its  travd  is  15 
At  what  jKiint  in  the  piatoD  travel  will  the  tire  valve  o|ien  on  the 
stroke  of  the  pmnp?    Wliat  force  must  be  exerted  on  the  piston  at 
moment? 

239.  A  pit^ton  is  situated  in  the  middle  of  a  closed  cylinder  10  in.  long, 
and  there  are  etjual  niaisses  of  air  in  the  two  halves  of  the  cylinder.  The 
pJHton  i»  pushi'd  until  it  is  within  1  in.  of  one  of  the  ends.  Compare  t1 
pressures  on  the  two  sides. 

240.  In  rising  from  the  t>ottom  of  a  lake  t«  its  surface,  the  voUirno 
an  air-ljui»hlo  Ixvomes  10  tiines  as  great.     If  the  height  of  the  baromet^ 
16  30  in.,  what  is  the  depth  of  the  lake? 

241.  A  glass  tube  u.sed  for  sdundinp  is  3S.1  em.  long  and  is  open  at  tl 
lower  end.  The  inside  is  mated  with  a  soluble  pigment,  and  the  tube 
lowered  to  the  Ixittoin  of  tlie  soft.  On  raij*ing  the  tube  to  Uie  surface,  it 
found  that  the  water  has  entered  to  a  depth  of  23.6  cm.  Find  the  depi 
of  the  sea.     Bartmieter  reading  Ls  74  cm. 

242.  The  illuminating  power  of  a  ga.s  flame  is  proportional  to  the  mj 
of  ga.s  burned  jjer  hour,  A  certain  gas  works  supplies  at  a  prejssure  n\M» 
that  of  the  atmosphere  equal  to  the  pressure  of  a  column  of  waiter  3  ii 
high.  When  the  baroniet<T  stands  at  30  in.  an  IS-candle-fKiwer  gas  ji 
bums  5  cu.  ft.  per  hr.  If  the  gas  costs  $1.(X)  per  1000  cu.  ft.,  what  wi 
be  the  cost  of  an  lH-cttn(lk*-|>(iwer  light  for  I  lir.  when  the  l)ar«jmet«'  is 
2.S  in.?     The  temperature  of  the  gas  is  the  same  in  both  caaca. 

243.  At  a  certain  temperature  the  density  of  oxygon  'm  0.00143  g. 
cc.  when  under  a  pressun*  i>f  1  atmosphere.     AVliat  will  l»e  the  pres^sure  in 
1(K)  liter  tank  t'tiiituirung  715  g.  of  o.\ygen  at  the  same  tempera turt'? 

244.  A  certain  balloon  bag  ha«  a  volume  of  500  cu.  m.  when  filled 
with  hydrogen  gas  at  the  earth's  surface  where  the  bar(,»nieter  raiding 
76  cm.     Assuming  that  the  bag  offers  no  resistance  to  expansion.  (< 
what  will  1h;  the?  volume  of  the  l>ag  after  one-sixth  of  the  gas  has  been  h 
out,  un<l  the  bag  is  at  a  height  where  the  barometer  reads  50  cm.  but  tl 
temprratum  is  iho  same  ius  at  the  earth's  surface?     (6)  If  the  weight 
the  material  <if  the  bag  is  100  kg.,  how  many  additional  kg.  will  the  h 
lift  at  each  of  the  two  places? 

(Tlie  densities  of  air  and  hytlrogen  at  76  cm.  pressure  and  at  the  tei 
I»erature  under  consideration  are  respectively  1.29  and  0.000  kg.  per  cu.  ra«l 
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Simple  Harmonic  Monos 

346.  A  tooth  in  thn  blade  *>f  a  ronpor  He«nrihwt  siniplp  hnrrnnnic 
motion  of  1.5  ill.  aiiipHt.mlp  in  ii  jx^riod  of  0.2  sec.  Kind  it.^  spowl  when  at  & 
poiut  0.5  in.  fporn  the  cenl-er  nf  its  path. 

S46.  A  point  mo\nng  with  siinplp  hannonic  motion  has  a  maximum 
speed  of  10  ft.  per  sec.  and  auiplitiide  of  6  ft.  Find  the  time  of  a  wmplete 
vibration. 

2i7.  The  drive  wheels  of  a  locomotive  whose  piston  has  a  stroke  of 
2  ft.  make  185  rev.  per  min.  Assuming  that  the  piston  moves  with  simple 
harmonic  motion,  find  the  speed  of  the  piston  relative  to  the  cylinder- 
h«iii,  wiien  at  the  center  of  its  stroke. 

248.  A  bUtck  of  iron  of  niaws  I0(_)  lb.  Ls  rauseii  tfj  vibrato  with  Ktmple 
harmonic  motion  by  meiinti  of  a  spring.  If  tlie  arnphtude  uf  vibration  is 
12  in.  and  the  time  of  a  complete  vibration  is  0.8  sec,  find  the  maximum 
kinetic  cncrRy  of  the  block. 

249.  What  is  the  value  of  g,  at  a  place  where  the  period  of  a  simple 
pendulum  07.31  cm.  long  is  1 .075  see.? 

S60.  A  fjcnduhim  loses  20  sec.  per  day,  where  g  is  980.3  cm.  per  sec, 
per  eec.     Find  its  lenjrth. 

261.  A  certain  pendulum  ha.s  a  period  of  2  sec.  where  g  is  082 
cm.  per  sec.  per  sec.  Tlu^  same  pendulum  is  swung  at  aiiother  station 
and  has  a  period  of  2.(X);j  sec.     Find  (/  at  the  second  station. 


Sound 


862.  A  certam  tuning  fork  tnaken  25fi  vibrations  per  sec.  Taking 
1128  ft.  per  sec.  a.s  the  speed  of  sound  in  air  at  68"*  F.,  find  the  number  of 
vibrations  which  the  fork  mu.st  make  l>efore  the  sound  is  heard  at  a  dis- 
tance of  2(X)  ft. 

i3.  A  timing  fork  makes  250  vibrations  jx*r  sec.     Find  the  wave- 
tlie  souiid  that  it  produces,  the  velocity  of  sound  being  1135  ft. 

A  wood  chopper  makes  20  strokes  per  min.  If  the  soun<J  of  oach 
stroke  reaches  an  ubser\cr  as  the  axe  makes  the  next  stroke  when  the 
l*>mf>erature  of  the  air  is  20°  C,  what  is  the  distance  of  the  chopper  from 
U»e  observer? 

266.  A  blow  stnick  upon  a  steel  caVile  was  heard  through  the  cable  in 
0.2  sec  and  thmiigh  thv  air  in  3  sec.  The  tempeniturr  wu.s  0**  C.  (n) 
How  fnr  from  the  of)server  was  the  blow  struck?  {b)  Wliat  was  the  speed 
of  sound  in  the  cable? 
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266.  A  tiiuiiica]  note  of  250  \'ibnitions  per  sec.  travels  in  air  with 
velocity  of  300  m.  per  sec.     What  is  the  length  <»f  the  aoutirl  wave? 

867.  The  vorlie^U  walls  of  u  canyon  aiv  pamllel  and  1  mi   a|i«u1. 
man  in  tlie  cany(»n  tireii  a  Riin  and  hean*  the  first  two  ocIhjcs,  one  from 
wall,  4  wT.  Hpart.     Where  is  he?     (Vt>l(K,'ity  of  swmud   -  U(K)  fl.  |jit  h 

268.  A  Kun  is  hird  ami  5  see.  Uiler  the  jpinncr  hears  the  eehu.     If 
vt'lucity  of  sDumi  i»  1 100  ft.  [x^r  «?c.,  how  far  off  \»  the  reflecting  mirfacej 

269.  Ai  a  liglitship  anchoreiJ  on  a  reef  a  l>ell  is  stnick  under  w»lcr 
tlie  same  time  that  a  whistle  in  blown  alxjve  water.     The  cajitain  of 
vessel  receives  the  underwater  HOund  signal  5  kk;.  before  the  sound  irf  tl 
whistle.     How  far  irmw  the  reef  is  he?     {The  veliwity  of  eound  is  1 1(X)  ft 
per  see.  in  ttie  air  and  4600  ft.  per  see.  iu  the  water.) 

260.  A  string  SO  cm.  long  vibrates*  320  times  ytcr  see.  when  the  tm^ii 
is  40  kilos.  («)  What  will  be  the  frequency  when  the  tension  i;r  nuu 
UK)  kihw?  (h)  If  whrn  inidrr  the  new  tension  the  r^tring  is  leiigthem 
so  as  tu  k(?ep  the  pitch  .'iJO  jier  ?<*c.,  what  w^ll  lx»  the  new  length? 

261.  A  wire  strctchc<l  Ix^twecn  two  rigid  supports  vibrates  500  times 
see.     AnothiT  wirr  nf  the  snino  nmferial  is  ^t^etched  between  supjKi 
one-half  as  far  i\\w.t\  a.s  in  the  first  ca.'^e.     If  the  dianu-ter  ttf  the  second  wii 
is  one-half  that  of  the  Hrst,  and  the  tension  is  one-half  that  of  the  fii 
what  wiH  Ik*  it^  frequeT»cy? 

262.  An  observer  sets  his  watch  by  the  report  of  a  signal  gun  1  mi.  awaj 
Kind  the  allowance  that  he  should  make  on  account  of  the  di^aiiee  of  the" 
gun,  the  teiu[>eraturc  of  the  air  iK'irig  20°  C. 

263.  I  [ow  far  off  is  a  storm  whei»  there  is  an  interval  of  10  sec.  between 
a  flash  of  lightning  ami  the  thunder,  the  temperature  being  16°  C? 

264.  C'alcuiiite  the  wave-lrngth  in  air  nt  15°  C.  of  the  t^ound  pi 
duccd  l)y  a  tuning  fork  whicli  makes  2o(>  vibrations  [K»r  sec. 

266.  A  tuning  fork  is  held  over  a  resonurirc  tul>e  and  resoiuinee  ow'i 
when  the  surface  of  the  water  in  the  twlw  is  10  cm.  below  the  fork. 
next  occurs  when  the  water  is  20  cm.  below  the  fork.    Taking  the  vcliicil 
of  sourtd  to  Ix'  345  in.  per  sec.,  at  room  tein|H'rature,  calctilatc  the  fi 
iltiency  (tf  the  fork. 

266.  1  nid  the  frequency  of  a  tuidng  fork  which  produces  resonance  in 
column  of  air  60  cm.  long  at  0°  C. 

267.  An  open  organ  pipe  is  60  cm.  long.  If  the  velocity  of  sound 
taken  to  Ik?  1^4, 2(M)  i:in.  i>er  sec,  what  is  the  frrviucncy  of  tlie  tone? 

268.  .\s,suming  the  vchtcity  of  sound  to  l»e  1120  ft.  per  sec.,  find  th< 
rate  of  vibration  of  an  open  \\\\n^  2  ft.  long. 

269.  Calculate  the  numlx>r  of  vibnitions  in 'the  fundamental  no! 
emitted  at  13*  C.  by  a  closed  organ  pipe  1  m.  long. 


270.  Huw  niany  vibrations  per  nee.  in  tlu*  fiiiHlaniental  noteemitled  by 
a  ili>st'il  ory;un  \n\K'  !  in.  Iniin? 

271.  Fiml  the  vibriitiun  frr(iiu!in;y  at  0°  C.  of  ilie  fuiiduinentnl  itme, 
(a)  of  ti  4-ft.  i>[>on  ])i|ic:   ih)  of  u  l-ft.  r.lospfi  pijK^. 

272.  Kind  the  vihmtion  frw|Mon(n'  at  20^  (\  of  the  futidamentul  tone, 
(o)  of  an  8-ft.  open  pipe;  (6)  of  an  8-ft.  closed  pipe. 

273.  TIow  many  beats  por  sor.  will  Ix;  pmd'Jc«J  by  ^nundinp;  sirnul- 
tAneitusly  two  o|>en  orKai'  pi[»e8  of  Icngth.s  20  iu.  mid  *21  in.  rrs|H'i'iivo)y, 
(rt)  when  the  temperature  of  the  air  in  0°  C,  (E»)  when  \h(i  tpinjiemture  is 
22**  C? 


Temperatthe  akd  quantity  op  Heat 
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274.  Under  standard  atniusphLTic  conditions  the  nicrrurj'  level  in  the 
open  irmnometer  tul«  of  a  constant  volume  hydrogen  ihemiometcr  is 
15  cm.  higher  than  thr  index  wltnn  tho  bulb  is  in  mcltir';^  \c^.  ft  is  4S.3 
cm.  higher  when  the  bnlb  is  iti  bailing  wnt^r.  Find  the  centignule  lem- 
perature.s  corresponding;  to  diffDrences  in  level  of  21  cm.  and  28  em. 
.tsjiirniDp;  that  tlic  It-nipcratnre  of  the  mercury  remains  constant. 

276.  The  temi)cniture  of  water  at  the  maximum  density  \»  4°  centi- 
grade.    Whiit  i^  the  rorre^ifMindinK  teni[w*riUure  imi  Ihr*  Kafiipoheit  ?^euie? 

276.  At  what  temperature  will  a  centigrade  tlu'ruioiueter  give  the 
sjune  readinp;  as  a  FuhrtMiheit  thermometer? 

277.  At  whatteniixTaturedoCHa  Fahrenheit  tlirnnoriieterread  twice  as 
much  as  a  centigrade  thermometer? 

278.  Kxpnvs  un  Ihe  Fuhn'nheit  ^cide  the  following  boiliriK  points: 
Alcohol,  78°  C;  Mercury,  ^J.*>7**  C;  Ether,  35**  C;  fSulpimric  acid, 
3.'18°  C. 

279.  Express  on  the  ceiiligrnde  scale  the  followintj  melting  points  to 
the  nearest  d*>(rrec:  X^ad,  i\:iO°  F.;  Bra.-s,  \sm°  F.;  Zinc,  TTS*"  F.; 
Copper.  1900'^  F.;  Silver.  .s73"  F.:  Iron,  27Sti"  F. 

280.  What  aratjunt  of  heat  must  be  given  to  an  iron  armor  plate  2  m. 
long,  1  m.  bnmd,  and  30  cm.  thick,  in  order  to  heat  it  from  10°  to  140°? 

281.  Compare  tlie  thermal  capacities  of  equal  voUimoK  of  water  and 
mercury. 

282.  A  copper  kettle  wpiRhing2  lb.  and  containing  6  lb.  of  cold  water 
i.H  placed  on  a  fire.  Find  in  what  proportion  the  heat  absorlxnl  from  the 
fire  ifi  shared  l>etwern  the  kettle  and  itj*  contents. 

283.  A  copper  tea-kettle  weijjhiuK  S.^0  r.  contains  2000  g.  of  water  at 
temperature  20°  C.     If,  of  the  heat  supplied  by  a  gas  flame,  16,000  cal. 
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per  ruin,  are  utilized  in  heating  the  kettle  and  water,  huw  long  a  time 
l»e  nHjuired  to  rait*  tin*  tein^x'ralure  of  the  waU*r  li»  lOtl''  C* 

284.  In   order  to  itclornun<',   uppn)xinmtely,   tlio  torni>eraturr  of 
fiinmce^  a  platinum  bull  weighing  1(X)  g.  was  placed  In  the  furuuee 
after  a  time  removed  and  dropped  into  400  g.  of  vratcr  at  0**  C. 
tenipt^raturc  of  water  rf>se  to  20^  C\     Kind  thn  tetnporature  of  the  fi 
imi*e.     (Tlic  Bpecific  hciit  of  platinum  for  this  range  of  temjierature 

o.ais.) 

2&6.  If  a  silver  sptKin  weighing  30  g.  and  at  a  temperature  of  15° 
Uv  put  into  a  cup  weighing  SO  g.  which  cjontAins  ISO  g.  of  cofTee  at  80* 
how  nmiii  will  the  ctiffee  Ik*  cotiled?     (Si)e<*ific  heat  of  the  coffee  Is  1, 
S|>oi;ific  heat  of  the  imp  is  0.20.) 

286.  If  the  specific  heat  of  air  at  constant  prciwure  'm  0.237,  and  if  a 
lit4;r  of  air  weiglis  1.293  g  ,  how  many  liters  of  air  would  !»  rai-^d  1°  in 
temperature  if  all  the  lieat  given  out  by  a  liter  of  water  in  cooliitg  through 
!°  were  impart e<l  to  the  air? 

287.  Ci  and  C'j  are  two  eciual  brass  calorimetCTB  each  having  a  moss  of 
40  g.  and  containing,  respiytively,  101.4  g,  of  water  and  S6.4  g.  of  tur- 
pentine, Both  receive  cqiuil  quantities  of  heat  from  internal  current- 
tx^riiiK  f^piralH.  Tlie  tem])erature  of  Ci  and  its  contccts  is  ruii'cd  through 
4.3.5";  C.  and  itn  content^s  in  raihed  timjugh  11.7°  C.  Wlial  is  the  gpecaue 
hwU  of  the  turjx-nline? 

288.  If  you  had  at  your  oummand  a  supply  of  boiling  water  and 
tap  watfT  ut  IC*,  what  volume  of  each  would  you  take  in  order  to  jwei 
a  bath  coiiUiininjr  21)  ^al.  of  water  at  Ii5°? 

289.  Hilt  air  at  \'>M)°  is  \\m^]  f<tr  superheating  steam  which  is  originall 
at  lOO"".     The  air  and  steiuu  arc  kept  at  coiu*tant  pressure  during  tl 
opemtioM  and  they  are  intrraluccd  into  the  Kupcrheater  in  the  pruportJ< 
it^  2  lb.  of  air  in  7  lb.  of  steam.     If  the  air  is  allowed  to  cool  to  4O0* 
what  tem[K*rature  will  the  steam  Ix*  niise<|? 

290.  A  coil  of  copper  wire  weiphinj!  45.1  g.  was  dropped  into   a 
orimeter  containing  .52.5  g.  of  water  at  10°.     The  copper  l^efore  imin( 
won  was   at  99.(3^  and  the  common  temjjerature  of  copper  and  wat 
after   immersion  was   16.7°.      Find    the   specific   heat   of    the   copper 
wire. 

291.  A  piece  of  silver  of  specific  heat  0.0568  was  heated  to  102. 
and  was  then  dropped  into  75,3  g.  of  turpentine  at  10.98*.    The  silvi 
weighed   10.205  g.,  the  water  equivalent  of  calorimeter,  agitaUm. 
thermometer  was  2.01  ff.,  and  the  final  tcmi)erature  was  12.47*.     Wlml 
wa.s  the  tipeciftc  heat  of  the  turijentine? 

39i»  A  copper  calorimeter  contains  300  g.  of  water  at  lO"".    To 
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was  added  200  g.  of  water  at  80°,  giving  a  rfwtiltunl  teiti|>6rature  of  35®. 
\Muit  itf  the  water  equivulenl  of  llio  fjtlorimeter? 

293.  Two  hundnni  kfjuiik  of  nine  air  he:it«i  to  the  leinporatureof  iJI)" 
C.  and  ptuiigeti  itito  201)  g.  of  wat^r  contained  iu  an  iron  culoriiiieter  at 
teniperatirre  14°.  The  water  equivalent  of  the  caloriuieter  it!  14  g. 
Calculate  the  teiiijwrature  Ui  wliich  thf  water  rises. 

294.  How  inufii  ice  ptT  djiy  of  10  hrs.  would  be  required  to  cool 
20,000  lb.  of  water  per  hour  from  Sti"  F,  to  40"  F.,  supposing  there  to  be 
no  Ios&  in  tlie  cixjiiiig  ap{)aratu8? 

295.  A  glass  tumbler  weighing  150  g.  coiitaiiib;  250  g.  uf  water  at  20°  C. 
How  mueii  ire  at  temperature  0"  C.  should  1)0  intrtwiuce*!  t^i  lower  the 
temperature  of  t,he  tumbler  of  water  to  10"  C,  ntwuming  that  all  the  iee  is 
melted? 

29fr.  WTien  heat  was  8upplic<l  at  a  constant  rate  to  a  certain  block  of 
tin  it  was  found  that  the  temf>eraturo  rose  12°  C.  eaeh  sec.  After  the 
melting  point  was  reached,  the  tempcratiin*  rcnminetl  constant  for  130 

I  sec.,  while  all  of  the    tin    was    l^eing    mcUed.      Find    heat   of   fusion 
of  tin. 
297.  If  the  heat  equivalent  of  vaporization  of  ammonia  Is  34!  cal,  per 
g.,  how  much  aminoi»ia  must  be  evapomtwl  in  an  artificial  ice  plant  to 
make  10(X)  kg.  of  ice  at  0"  C  out  of  water  nriginally  at  10°  C?     (Assume 
^  that  all  the  heat  from  the  water  goes  to  change  the  state  uf  the  omnioaia.) 
I         296.  The  heat  of  fusion  of  zinc  is  about  28.1  cal.  jjer  gram.     Find  its 
■   value  in  15.t.u.  per  lb. 

W  299.  A  piece  of  ccipper  was  heated  to  100"  and  then  «ud<lenly  droppe<l 

into  a  hole  in  a  pie<!e  of  ice.  The  mass  nf  the  copper  wils  5<X)  g.  and  the 
maea  of  ice  melted  was  68  g.  W\mt  value  does  tliis  give  for  the  heat 
equivalent  of  fusion  of  ice? 

1300.  A  piece  of  iron  weigbiiiR  in  p.,  is  droi>|x^d  fit  a  temiwrature  of 
112.5'^  ('.  into  a  cavity  in  a  block  uf  ice,  uf  which  it  melts  2.5  g.  Find 
the  si>ecific  heat  of  the  iron. 
301.  A  piece  of  ice  which  has  been  for  some  time  out  of  doore  in  a 
temperature  of  —20°  i.s  dropiTitl  into  a  calorirneter  of  water  e<|uivalent 
5  g.  containing  100  g.  of  wiUcr  at  35°.     The  nuws  of  iec  i.s  30  g  ,  and  the 

t    final  tMnjierature  that  would  be  reachwi  if  there  were  no  radiation  is 
determined  to  be  7.22°.     Find  the  specific  heat  of  ice. 
302.  SO  g.  of  steam  at  1(X)°  C.  are  turned  into  536  g,  of  ice  at  0"  C. 
Wluit  will  i>e  the  rt^ulting  tempomturt^? 
I  303.  A  porous  water  jar  of  water  wiuivalent  5O0  g.  contains  4000  g.  of 

ft    water  at  the  temperature  of  the  wirrounding  air,  which  is  30°  C.     If  the 
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per  g.,  how  many  gmins  of  water  must  evaporate  in  onier  tci  i«dur« 
t^inperalurp  nf  I  ho  rc-iiiniiitler  5*? 

304.  The  liLst  Pcan'  oxpoditioo  to  the  North  Polo  was  equipfjed  vril 
a  stove  tliat  would  chansc  4()()0  r.  of  ice,  originally  at  —40°  C,  into  wall 
at  100°  C,  in  10  rnin..  hy  l>urriing  140  g.  of  alc»iln>L     If  tho  heal  tif  i-oi 
Ijustioii  of  alcohol  i*  7400  cal.  per  g..  what  fraction  uf  the  heal  pnnhic^ 
did  the  stove  utilize? 

306.  Neglecting  loss  of  heat  by  radintion,  find  how  much  ^teani  a1 
11*0°  O.  Is  nNpiiixHl  to  raisi*  the  temiK*ralure  of  an  in>n  radiator  wei«hini|i 
(illkir.  fr.)Ni  lO^C.to  100*"  C. 

306.  A  kettle  ctmtaiiui  2  kg.  of  water  at  40°  C.  How  much  hoat  nn 
lie  supplied  ill  order  to  boil  the  water  away? 

307.  A  t'idoriineter  e«mluii)s  316  g.  of  water  at  40**  C.  Steam  at  II 
isi  iMLKst^i  into  the  WtMter  until  the  moss  of  water  lieec^mes  3.%  g.  What 
llu^  trniiK'nituix'  of  the  waler? 

308.  Kind  the  numerical  value  of  the  heal  uf  vu[ji*ri2utiuu  uf  water  ii 
terms  (a)  of  cal.  jx»r  lb.,  {b)  in  temis  of  B.t.u.  per  lb. 

309.  How  many  ^.ims  of  pteam  at  100''  nmsl  he  paired  into  200  g. 
ire-eolil  water  in  order  to  raise  it  to  the  Ixiiling  point?  NMiat  ■will  happ 
if  more  steam  than  thw  is  jiassed  in? 

310.  A  mass  of  100  g.  of  eoppcr  at  20**  is  suddenly  ciiveh»i>eil  in  strai 
at  MH)".    Find  the  amount  of  steam  that  will  condense  on  the  copper. 

311.  How  many  lb.  of  stejun  at  KM*"  will  just  melt  M\  lb.  of  wv  at  0"*? 

312.  10  g.  of  steam  at  120°  were  nir*  iiitf)  a  ve.K.st4  coutaijiing  lU  g. 
ice  at  — oO**.  What  was  the  resulting  ma.ss  aial  temperature  of  the  en 
tents  of  Uic  vessel? 

313.  I'he  ]x>ol  in  the  gynuiasium  is  9.15  m.  by  18.3  m.  and  the  avei 
depth  rif  the  water  is  1.75  m.     During  the  summer  the  water  wa.* 
queiitly  at  a  teni]K*nilure  of  alxmt  17°  C.     If  a  rise  of  .i°  C.  wtiuhl  h 
made  it  comfortable  luid  if  this  rise  were  to  be  protluced  by  eonden^ii 
ste-am  in  the  water,  how  many  kg.  iif  steam  would  i>c  n^quireil? 

314.  The  melting  point  of  a  certjiin  kind  of  inm  is  1500"  C.  and 
heat  equiviilent  of  fusion  is  2S  c.il.  ikt  g.     Assuming  that  no  h«it  is  lo 
find  the  luiLss  of  coal  of  thermal  value  12,000  iJ.t.u.  per  lb.  that  would 
necessary  to  melt  1  lb.  of  iron  starting  at  20**  C. 

315.  Omv  many  B.t.u.  are  requireil  to  raist*  10(K)  lb.  of  water  from 
V.  ah*l  vii|)ftrize  it  at  32S"  F.?    The  heat  eiiuivalent  of  vap<.»nzatiijn 
water  at  ;{2.S"  F.  is  SKJ  H.t.u.  ikt  lb. 

316.  If  eoal  of  heat  value  1S,500  H.t.u.  i^r  lb.  cuir  l>u  bought  at 
per  ton.  wlut  price  could  one  a(Ti:rd  to  pay  per  wjrtl  f*»r  8easonc<l 
wood  of  heat  value  8480  B.t.u.  per  lb.?    AsKume  that  the  donaity  of 


is  47  \h.  per  cii.  ft.  and  that  when  tlie  wood  is  piled,  the  wood  occu- 
pies 00  per  cent  of  the  volume  of  the  pile. 

317.  If  the  prm^  of  fuels  were  i]ro|K>rtio[ial  Ui  their  hwit  viiUir,  and  if 
Pocfth«inta.s  co:d  of  hejit  value  14,o0()  li.t.ii.  jjt-r  lb.  rosls  $10  ptr  ton,  whnt 
w^ould  I>e  the  price  per  ton  of  (a)  coal  of  ll.fKXJ  ll.l.n.  per  lb.;  [b]  fuel 
oil  of  11>.0(X)  B.t.u.  |>er  lb.;  (c)  beech  wood  of  S.G(KJ  lij.u.  per  lb.  (d) 
Aisu  fuid  the  price  ix;r  IIXXJ  cu.  ft.  of  gu^  of  heat  value  ftOO  B.t.u.  per  cu.  ft. 
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318.  A  wheel  Ls  3  m.  in  circunifereiue.  .\n  iron  tire  jneiunures  2.003  m. 
artiund  it.-*  iinuT  face.  Htw  iituih  um^l  tin-  l^MufK-Tature  of  the  tire  bo 
n\i-"<'<l  in  ordfr  that  it  may  just  slip  on  Ihf  wIumsI? 

319.  The  KitTe!  Tower  in  I'aris  is  construi-ted  of  ^teel  and  is  ubcmt 
300  in.  lugh.     How  much  higher  is  the  Lower  when  at  30°  C  than  when 

320.  A  t^teel  meter-*ioa!c  was  carefully  niea^uaxl  at  lO*"  and  ity  IciikUi 
found  til  Ix'  m».asi  cm.     At  -W  it,**  length  was  found  ^>  l>e  I  OO.OIA  cm. 

Wluit  wa.s  the  coefficient  of  exi»aiisiou  of  the  ateel,  and  at  what  tempera^ 
ture  wn-s  the  scale  exactly  1  m.  long? 

321.  A-^'^uniing  the  highet^t  sunmior  temperature  to  tx;  40**,  and  the 
lowest  \vinter  teniixraturc  -20°,  what  allowance  should  be  made  for 
expansion  ai  a  I7(K)-ft.  .steel  l>ri<lge  span? 

322.  A  steam  pipe,  intended  to  convey  steam  at  110",  is  fomie<l 
of  iron  piping  in  leiif^thi^  of  1.5  ft.  Assuming  that  the  fern|>enitur('  of  the 
pif>e  when  it  is  not  oinveyinR  .stejini  is  12°,  fiinil  how  niurh  plsiv  niu.st  Im> 
allnwt'd  for  each  joint. 

323.  Tlie  liAver  end  of  a  vertical  steam  piix?  50  ft.  long  is  sup(>orleil 
rigidly  hy  a  hanger  att4ichc<l  to  a  basement  ceiling.  When  the  pipe  \»  at 
40**  F.  a  slwini  radiator  attiuhcd  riKidly  tn  the  n^i|>i'r  oihI  (if  the  pipe  re^ts 
on  the  attic  floor.  Find  the  di-slanie  the  radiator  is  bftcd  off  the  flo<tr 
when  the  vertical  steatn  pipe  is  at  '2'20°  F, 

324.  Show  that  the  length  of  the  metal  bars  of  a  comi>enw;tion  pen- 
dulum nliould  be  inversely  proportional  to  the  coefficients  of  expan.'iion  of 
the  metal.-^.  If  the  ^>tul  length  of  the  iron  bars  is  87  cm.,  what  should  be 
that  of  the  zira*  Imrs? 

326.  An  iron  Imll,  of  5.01  cm.  dinnieler  at  0°.  rests  upon  a  cop|>er  ring. 
the  internal  iliameter  of  whidi  is  5.00  em.  at  the  siimc  tem|)era(ure.  To 
wlwt  temix-rature  must  both  Ik:  heated  in  order  that  the  ball  may  ju.*st 
pass  through  the  ring? 
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S86.  A  copper  liglitning  rod  measures  50  ft.  in  length  when  the  tem- 
perature is  ()*"  C.     Calculate  its  length  when  the  temperature  is  '27°  C 

327.  Calculate  the  increuiH!  in  lejigth  of  an  iron  girder  100  ft.  l 
between  ;50°  V.  and  68*"  F. 

328.  A  braisit  yanl  measure  ly.  corretTt  at  0**,  and  another  is  correct 
20**.     W'hal  is  the  difference  in  length  when  botJi  are  at  20**? 

329.  A  platinum  wire  and  a  strip  of  zinc  are  both  measured  at  0' 
and  their  lengths  are  found  to  be  251  cm.  and  250  cm.,  ret*pecti\"ely- 
At  what  tem]3eniture  will  their  lengths  be  equal,  and  wliat  will  be  th 
a>miuon  length  at  this  temperature? 

330.  Mettiiurcmentii  are  matie  at  25°  upon  a  brass  tube  by  a  steel  me 
scale,  correct  at  0°.    The  result  is  6.425  m.     Fuid  the  length  that  would 
have  hecn  obt^inpd  if  the  tube  and  scale  had  been  at  0**. 

331.  'I'ho  height  of  the  baromeU^r  appears  to  bo  7fi.40  cm.,  according 
to  a  bnuss  scale  which  in  corre<:t  at  0**.     If  the  temperature  at  the  time 
reading  is  20°,  what  Is  the  actual  height  of  the  barometer  column? 

382.  A  clock  which  keeps  correct  time  at  25°  has  a  H?cond8  pendulum 
rod  made  of  brass.  How  many  seconds  a  day  will  it  gain  if  the  tempera- 
ture falls  tfj  the  freezing  pc»iut? 

333.  Assuming  timt  the  density  of  silver  at  0*"  is  10.5  g.  per  cc 
its  coefficient  of  cubical  expansion  is  0.000057,  find  its  density  at  150*. 

334.  A  dealer  buys  a  tank  car  containing  100,000  gal.  of  gaaol«iM 
60**  F.     Wlieu  receiveil,  the  tenn^eratiire  was  0°  F.     A.ssumiiig  the  m 
eoeihoieiit  uf  expansion  of  gaj5<^lene  to  be  0.0006  per  degree  F.,  find 
ciimiiiution  of  volume  due  to  the  change  of  temperature. 

335.  The  height  of  the  barometer  is  found  to  be  77.25  cm.,  the  1c: 
(wrature  of  llie  air  l>cing  25*".     What  would  be  the  ct.»rresix)nding 
metric  [it'ight  reduced  Ut  0° — i.e.,  what  would  be  the  hcii^t  of  theba: 
metric  column  if  the  mercurj'  were  at  0°? 

336.  A  specific  gravity  bottle  contains  just  687  g.  of  mercury  at  70' 
Wliat  is  tlio  iiitornftl  vnluine  of  the  bottle  at  this  tempeiature? 

337.  Fintl  the  vnlinne  at  100°  of  a  glass  fin.sk  that  at  0°  has  a  %t)luine 

338.  Calt'ulftte  the  increase  in  area  produced  by  a  rise  of  40°  in  a  pU' 
of  sl»et  iron  which  is  6  ft.  long  and  .3  ft.  broatl  at  0°. 

339.  If  the  pressure  of  a  gas  is  8720  dynes  per  sq.  cm.  when  its  vriKi 
is  737.3  cc,  what  will  be  its  pressure  at  the  Biime  toinpcralurc  if  the  volurai 
is  diminishrd  to  158G  cc.'^ 

340.  What  would  he  the  voUune  at  0°  and  c<»n.stant  pressure  of  a  ni 
of  gap  which  at  78°  fH;cupies  a  volume  of  9  liters? 
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SAl.  At  what  temperatnrn  will  thn  vnlumo  of  n  pvon  mass  of  p^  }ie 
eoetly  twiee  what  it  is  at  17°,  tin-  pressure  rciiiaining  eunstunt? 

342.  A  caisson  is  lowered  into  a  lake  until  the  siirfacie  of  the  water  is 
690  cm.  below  the  surface  i»f  thr  lake.  What  ilctes  I  ec.  of  iiir  within  the 
caifi^m  weigh  if,  at  the  .surfnoe  of  the  lake  where  the  burometric  reatling 
ifl  76  cm.,  1  cc.  of  air  weighs  0.0012  «.? 

343.  A  liter  of  air  at  0*  C.  and  under  a  pressure  of  7H  cm.  of  mercury 
weighs  1 .29  g.  Wliat  will  be  the  mass  of  the  same  volume  at  the  same 
temperature,  at  a  pressure  i>f  10  atmospheres? 

344.  The  volume  of  a  budy  of  gas  at  27°  C.  is  100  cc.  If  the  pressure 
on  the  gas  is  doubled,  tn  what  temperature  must  it  be  heated  in  order  to 
maintain  the  volume  constant? 

346.  A  Kittle,  previously  open  to  the  air,  is  closed  when  the  bannneter 
remis  75  em.  and  the  thenntinieter  reads  20"  C,  If  this  bottle  is  heated 
to  40°  C.  what  will  be  the  new  pressure  in  the  bottle? 

846.  A  50-gal.  tank  containing  air  at  atmospheric  pressure  (15  lb. 
per  stj.  in.)  is  c«unertcd  by  a  pipe  to  the  city  wnicr  mains,  the  pressure 
in  which  is  60  lb.  i>er  s*j.  in.  iWuinuig  thai  the  air  remains  at  con.stant 
temperature,  how  many  gidlous  of  water  will  How  into  the  tank? 

347.  If  800  cc,  of  air  at  normal  temperuture  and  pressure  is  to  be 
comprcstsed  ta  650  c.r.  at  eorustant  t-emi^rature,  what  pressure  would  be 
require<l?  If  tlii:-  presnure  is  t*)  l>e  applietl  by  means  of  a  piston  having  an 
areji  itf  2.0  S4|.  em.,  what  for<*e  would  have  to  1m'  exerteil  on  it? 

348.  .\  sounding  tiil»e  oimmi  at  the  lower  end  was  inwrrr-d  into  the  sea 
until  the  watxir  rose  to  a  Iieiglit  tif  two-thirds  of  tlie  length  of  the  tuU*.  If 
the  banimetric  pressure  was  2<>  in,  of  mercurv',  how  far  dowii  into  the  water 
was  the  sounding  tube  lowered? 

349.  A  man  reciuin*s  the  same  ma.sg  of  air  at  each  breath  on  top  of  a 
mountain  that  he  requires  when  at  tlie  bottom.  On  top  of  a  certain 
mountain  the  pressure  is  40  cm.  of  mercmTt--  and  the  t^'mporature  is  3°  C, 
whereas  at  the  bt>tt(>ni  the  pre».«ure  is  70  cm.  of  mercury  and  the  tem- 
perature is  17°  C     Find  the  change  in  the  volume  of  each  inhalation. 

360.  An  automobile  tire  is  pumped  up  under  u  pressure  of  80  lb.  per 
»q.  in.  when  the  air  is  at  17°  C.     The  car  is  driven  until  the  temperatuie 

'of  the  air  in  the  tube  is  57*  C.    Assuming  that  the  tube  does  not  stretch, 
what  will  the  pressure  become? 

361.  Six  liters  of  uir  at  10°  are  enclosed  in  the  cylinder  of  an  air  engine, 
the  cross-section  of  which  is  200  sq.  em.  The  piston  moves  through  a 
distance  of  5  cm.  Uiwiird  the  other  end  of  the  cylinder.  What  elevation 
of  temperature  is  re<iuired  to  keep  the  pressure  coiuftant? 
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362.  If  the  pTttsure  remiuiM  constant  calculate  the  vchtmc  of  f^  at 
572*  C.  which  occupia*  2379  cc.  at  !»«•. 

368.  A  c^'rtuin  voliinH^  of  f^  aX  13^  C.  increaaes  to  3  tit«(¥i  at  20^ 

Culfulut^  tli(!  origiital  vtrlume. 

354.  A  cylimler  opt*u  at  one  end  ami  nlu^et)  at  the  other  is  fitted  wil 

m  putton  which  is  lija<]od  with  2  kg.  weight.     If  the  volurno  ol  tbi*  gius^ 
encloM^l  IK  lot)  cc*.  himI  the  ansi  of  the  pistim  10  h|.  em.,  fiud  the  iiicrca.'c  in 
t4?r(ij>cnUurf'  nw^wary  to  mific  tho  piston  through  5  cm.     The  t«*nipeRi-^ 
alum   of   the    gurf    in    IS**   C  ,   luid    tho    Eitmu»ipheri<*    pn-^jsurt^    is   7l 
mill. 

365.  Wlien  tlie  hiinjiii'l^T  rt'iids  70  cirt.  and  the  UriTi|H'niiurr  \s  0"  C. 
the  vohiinc  uf  u  (rrUiiii  rn;i.^.H  of  pi-  i>  50  cc.  When  the  temperature  ii 
lUCTt^uMni  ti»  100°,  the  %'()liime  iKHNitnes  (j8.3  cc,  the  pres.-Jtire  rcimaintn) 
ttu)  name.     I<'ind  tho  ortclticirnt  nf  cuhiciil  expansion  of  the  giLs. 

366.  A  hler  Ihink  contuiriK  1.203  g.  of  uir  at  0*^.     How  much  air  wiU 
lit^'P  fliuik  contain  at  I(K)°  at  the  same  pn^ssurc? 

367.  Oil  lirating  a  ctTUiiii  quuntily  of  mercuric  oxide  it  was  foun< 
to  lovo  off  :iSO  cc.  of  ox.VKon.    T\ur  tem|K'raturo  wok  23^  and  the  pressure^ 
74  cm.  nf  mercury.     Wlint  would  l>e  the  volume  of  the  oxygon  if  it  wi>mj 
at  normal  pri*H.Hurc  and  temperature? 

368.  A  (juantity  of  :iir  at  theatmospheric  pressure  and  ata  t^^miHTalure 
of  7**  wan  comjm'.'wd  until  its  volume  wsis  rp<iuce*i  to  ont^seveoLh,  during, 
wluch  pnMM«8  the  temperature  rose  to  20*.     Find  the  pre»<ure  at  ilie  eiK 
of  the  o|>ei'ntion. 

359.  The  ciif>ical  content  of  a  certain  room  i.s  750  cu.  m.  Calculate' 
the  ma^H  of  air  coritnined  in  i1  at  17°  and  77  cm.  pressure. 

360.  ( -iimpare  llic  denr-itics  of  the  air  at  tlic  Iwttom  and  at  the  top  of  i 
mine  ahaft,  when  tfie  temiK^nitures  and  barometric  pretteiurcs  are  respect-^ 
ively  20'"  and  'M  in.,  and  5°  and  .^0  in. 

361.  A  cylindrical  te^-^t-tnU^  10  in.  in  length  and  containing  air  at  0* 
IH  invcrled  over  a  nuT<'ury  hath  and  fontsl  downward  until  its  closed' 
upjMT  end  is  level  with  the  surface  of  tlie  mercury  in  the  Imth,  the  barrel 
metric  heij?hi  at  the  time  being  30  in.     To  what  temperjitiirc  must  the, 
bath  Ih'  rniwsi  in  order  that  tht^  air  may  (ill  the  te,st-tul>e? 

362.  .\l  tiie  s(^a-k*vel  the  liaronuter  stands  at  7.V)  mm.,  and  the  I 
J>erature  iH  7*^,  while  on  top  of  a  mountain  the  Uiromeler  st:uul'i  at 
nun.  and  t  he  temperature  is  — 13".    Compare  Uie  masses  of  a  cubic  metcf ] 
of  air  at  the  twti  places. 

363.  U  the  volume  of  a  pas  at  0**  C.  is  2rAiO  cc.  under  a  prt»>¥«re  o 
2.14  million  dymvs  [wt  st).  cni.,  what  will  l)e  it^  volume  at  95"  under  i 
proasuro  of  1.013  niilliou  dyue«  v^r  s^.  cm.? 


364.  What  >^t11  be  the  nuw*  ol  a  vnbk-  iiiutur  i»f  uir  at  50' 
pw^ssiire  of  50  cm.  of  mercury? 

365.  Tlie  pri's.Mirp  on  ii  jpveii  rniiss  uf  gas  is  (itmhlwi  und  at  the  same 
time  the  temiH-rature  Ls  raij^tl  from  fl''  tn  01°.  How  is  tlio  voliime. 
eliaiiged? 

366.  Compan'  tlie  masses  of  a  lu.  m.  of  air  at  the  l>o(t<nii  f»f  a  lake  30<) 
tn.  doi^p,  and  at  t]»e  surface.  Barrimelrie  prossure  is  74(>  mm.,  and  the 
temperatures  are  l'J°anrl  iiS°  n'spfM- lively. 

367.  Ten  miUii)ii  t-ii.  ft.  of  gjis  an^  supplied  to  a  town  per  week  under 
a  pressure  of  3  in.  of  wafer  over  the  atmospheric  pressure  at  $1.00  per 
1000  cu.  ft.  When  the  barometer  is  31  in.,  the  company  neither  makes 
nor  loses.  Find  the  profit  in  a  week  wl»en  tlie  a\*eraKe  heigiit  of  the 
ban)moter  is  20  in. 

368.  A  to\n»  is  siipiilie<i  with  Kn-*5  ut  a  pressure  of  3  in.  of  water  alx)ve 
the  atmospheric  pres-siire.  When  the  barometric  presHure  is  31  in.  and 
the  fpus  tenii>erature  is  50**  F.,  the  t<nvn  uses  10,(XX),01^)  eu.  ft.  ])er  week 
and  tht'Ct»nipany  nt'ith«;r  KaiiL«  iiorIos(?s.  A.^smiuiit;  tliiit  liK'saiuL'  vohmie 
of  gas  is  UMxl  diiring  a  week  when  the  averajie  baromelric  prt^ssurc  is 
30  in.,  anil  the  average  j^as  tem|)erature  is  70"  F.  find  the  proiit  or  loss  of 
tlie  comi>at»y  f*>r  the  week. 


Theumal  Conduction 


369.  A  kettle  who^  h&se  hi  400  aq.  cm.  in  area  contains  500  g.  of  ice 
at  0°  C.  If  the  kettle  i«  set  (m  a  stove  whose  temperature  Ls  maintained 
at  200*  C,  how  lonp  will  it  take  for  all  the  ie<?  to  be  melted?  The  kettle 
bottom  is  8  mm.  thick  and  made  of  metal  whose  conductivity  is  .t>2. 

3T0.  An  iron  Ixulcr  is  1  cm.  thick,  antl  li(i»  a  heating  Hurfaoe  of  2  sq.  m. 
The  water  in  the  boiler  i^  at  100°.  and  the  heating  surface  is  kept  ut  280°. 
Find  how  !!UH'h  water  can  Ik'  eva|wiratc<I  wu-h  litmr. 

371-  lluw  much  water  is  cva[>oraU^l  [kt  hour  jx-r  m].  ft.  of  boiler  plate 
if  the  plate  is  0.5  iu.  thick,  the  difference  ixHweeii  tlie  temperature  on  the 
two  sides  is  5°  F.,  and  the  temjx'rature  of  the  water  in  the  Ujiler  is  31 1°  F.? 
(The  heat  e<iuivalent  of  vajKJrization  of  water  at  311"  F.  Ls  800  B.t.u. 
per  lb.)        , 

372.  A  pond  400  nt].  in.  in  area  Ls  rovcnxl  with  a  sheet  nf  ice  5  cm.  thick. 
If  the  tem|)erature  of  the  air  is  —5**,  how  much  hetit  vaW  pass  in  an  hour 
from  the  water  Ihroirf^ih  the  ire?  Tlie  theriiml  conductivity  of  ice  is 
0.00586. 

873.  How  many  calories  of  heat  will  be  conducted  iu  an  hoiu  thr^iugh 
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an  inm  bar  2  eq.  em.  in  cross-fiectiou  and  4  cm.  lung,  iUi  two  eniU 
kept  at  the  renf>eclive  tcmpemtures  of  lOO**  C.  and  178"  C? 

374.  Calrulatt.'  In)w  nmrh  heat  is  conductwl  in  iialf  an  lumr  thrniigft' 
an  iron  plato  2  fin.  thick  and  1000  sq.  cm.  in  arwi,  the  temix^rsiturr  of  the 
two  Hides  iM-iiig  kept  at  0°  C.  and  20°  C.  ^ 

376.  The  waUs  of  a  (H)ltage  are  3  dm.  thick,  and  are  built  of  niaterial^^ 
liB\inR  a  thornml  conductivity  of  0.0035.     The  tf'mperature  inside  the 
cottage  is  kejit  nl  1.5°,  while  the  outside  toniix»mlure  is  5*.     The  area 
the  walls*  is  1000  sq.  in.     Find  hctw  much  heat  \n  last  by  conduction 
hour,  and  what  ia  the  niiiiinium  quantity  of  coal  of  cjUorific  power 
cal.  per  g.  that  must  be   burned   in   order  to  keep   the   tempcrati 
constant. 

376.  A  frame  h<mf*o  has  an  outside  wall  area  of  3000  sq.  ft.  of  whi( 
the  windows  occupy  20  jwr  c^iit.     Awuming  that  1  sq.  ft.  of  glass  h 
as  much  heat  as  4  v<\.  ft.  of  wall,  and  that  when  the  outside  is  at  0* 
and  the  inside  i»  at  70*  F..  1  sc|.  ft.  of  glass  loses  S.5  B.t.u.  per  hour,  find  tl 
number  of  B.t.u.  per  hour  required  to  maintain  the  int'ido  teinperatu 
at  70*'  F.     ib)  Assuming  that  coal  of  heat  value  13,000  B.t.u.  jier  lb.  costs] 
$9,00  per  Ion,  and  tlmt  the  furnace  utilizeii  one-half  of  the  heat  value 
the  coal,  find  the  cont  of  heating  the  above  house  for  1000  hre. 

377.  Fnmi  the  hottest  part  of  a  8t«im  l)oiler  50  lb.  of  water  are  bei 
evajMjnited  per  hour  at  a  temperature  of  347**  F.  fn^m  1  Bq.  ft.  of  heati 
surface.  At  this  temperature,  the  heat  equivalent  of  vaponziitinn 
872  B.t.u.  per  lb.  If  the  iron  has  a  thicknest;  of  0.2d  in.  and  a  iht 
conductivity  of  0.0000  B.t.u.  pcx  sec.,  per  »q.  in.,  per  °  F.,  difference  ii 
tPTn|iomtur(\  find  the  diflFerence  of  temperature  between  the  two  sides 
the  boiler  plate. 

378.  An  iron  pi|y*  l.l  in^  outside  diameter  and  0.2   in.  thick   is 
roundcfi  by  stenm  at  330.2*^  F,     WTicn  water  at  a  mean  temperature 
fiO°  F.  wa.«  flrming  through  the  pipe  at  a  speed  of  17.13  ft.  per  sec,  tl 
outer  surface  of  the  pi[>e  wfi.s  found  to  have  a  temperature  of  220**  F, 
and  the  heot  conducted  [>er  min.  through  1  sq.  ft.  area  was  fovind  to 
3995  Ii  t.u.    Assuming  the  conductivity  of  iron  to  be  0.0009  B.t.u. 
sec.,  per  sq.  in.,  per  inch  thickness,  for  a  temperature  difference  of  1°  F. 
find  the  temperature  of  the  inside  wall  of  the  pipe. 

379.  When  water  flowed  tliMnigh  the  pipe  of  the  above  problem  at  a 
Hpeed  of  2.3U  ft.  jxr  sec,  the  temperature  of  the  outer  wall  was  found  to  I* 
267.1°  F.,  and  thc-Jieaf  conducted  per  eq.  ft.  area,  per  min..  was  fouud 
be  2370  Bt.u.     Find  the  tetn]>erjiture  of  the  inside  wall  of  the  pipe. 

380.  llnw  tnurh  Iieat  would  be  lont  \h^t  s(|uan"  meter  (ler  minute  by 
man  clothed  in  a  fabric  0.3  cm.  thick,  having  a  conductivity  1.22  (10'** 
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if  the  temperature  of  the  air  be  5**  C,  and  the  temperature  of  the  body  be 
»)^  C? 

381.  A  eoncave  niirror  I  si{.  ft.  in  area  is  placed  iii  Che  sunshine  and 
the  Kiin'a  rays  are  by  it  brought  to  a  foeiis  upon  a  copper  calorimeter  con- 
taining watej.  The  mass  of  the  copjxr  is  1  oz.  and  it  cnntaini*  2  oe  of 
wator.  The  temperature  of  the  water  is  found  to  rise  30°  F.  in  o  min. 
Find  the  amount  of  he-at  recciveii  l)y  the  earth  per  square  yard  per  minute, 
and  find  the  equivalent  horse-power. 


Th  ERMOnVN  amics 


382.  How  mucb  will  a  rna^s  of  e*»pper  be  heated  by  striking  a  hard 
surface  after  a  full  of  400  ft.,  if  half  uf  ihu  energy  ia  used  in  heating  the 
c«ip|)er? 

383.  The  water  at  Niagara  Falls  dropB  H>f>ft.  and  ishcat^  0.12"  C.  If 
load  fell  the  same  disLatirp,  iiow  niurli  wnukl  iLs  temi)oniturtvl)e  mi-sed? 

384.  A  small  leaden  bullet  shot  horizontally  against  an  iron  target 
ii  just  melted  by  the  impact.  Find  the  velocity  with  which  it  strikes  the 
twget,  assuming  that  the  temfjeruturc  of  the  bullet  l^eforo  striking  was 
30*  C,  that  the  melting  point  of  !ea<i  ia  330**  C.  and  that  no  heat  \s  lost 
to  the  target. 

386.  How  much  heat  is  developed  in  drawing  an  iron  nail  Umt  requires 
force  of  2(10*)  dynes  thnmgh  u  distance  <»f  (»  cm.?     If  the  nail  has  a 
of  3  g.,  and  two-thirds  of  the  lieat  develoixMi  goes  into  the  nail,  find 
the  temperature  rise. 

386.  What  is  the  horse-power  required  to  rai.se  the  temperature  of 
100  lb.  of  water  at  40°  F.  to  the  boiling  point  in  30  min.? 

387.  Find  the  numW  of  [a)  fl.-lbB.;  li^t.u.  and  (c)  calorien  in  1  joule. 

388.  A  (!annon  ball  moving  at  the  rate  of  SOO  ft.  per  seL*.  strikes  against 
a  Ijirget.  and  the  heat  prtxlueed  is  equally  tlividcd  l3etwc3en  Ihu  target  and 
the  ball.  Supposing  i\w  latter  to  be  made  of  iron,  how  much  will  ita 
t4mii>ett.ture  l»e  raised? 

389.  A  Ixiy  cats  1  lb.  of  ice  in  H)  min.  What  horse-power  is  required 
to  melt  the  ice  and  rni.se  it  to  (he  t^'rnp<Tature  of  the  lK)dy,  98"  F.? 

890.  If  a  horse  docs  60  kg.  m.  of  work  per  sec.  for  5  hrs.  each  day,  how 
much,  at  lea.st,  of  oat.n  per  week  of  7  days  must  he  cat  to  supply  pnerRV  for 
this  work,  if  the  c^mibustion  of  1  gr.  of  oat»s  would  warm  10  kg.  of  water  1  *? 

391.  How  much  will  a  mass  of  copi)er  be  heated  by  striking  a  hard 
non-c*^jnducting  surface  after  a  fall  of  3fiS  ft.? 

392.  A  block  of  ice  falls  into  a  well  of  wat4?r,  both  ice  and  water  being 


t^Bt  ooe-fiftietJi  U 


in 


Bl  Mttr.     Fnm  vliBt  basla  tmati  tfar  in  idl  k  a 

tt§.  Find  the  amooDi  ol  htaH  ifai»Jm»d  in  ifcMui^  a  ficie  tr^  -«  f^>A 
iRntf04  ILP.  bapfitiedrarSimB. 

3M.  To  wfast  htigbi  wooU  tlie  enocj  nhtainwri  by  bnnung  1  ui^ 
coal  of  heat  rwhm  U,000  BXxl  per  lb.  naae  a  body  of  10  tons  if  the  uve^ 
all  cffideoey  of  the  ^ipatBttM  »  20  per  eenl? 

S86.  U*Hat  boree-powcr  is  reqimed  tu  ^no|^  100  lb.  of  water 
fiO*  F.  U»  Nt«nfu  at  212^  F.  in  30  min.?  How  much  ooal  uf  beat  value 
14,000  U  i  u.  prr  lb.  wiD  be  required  if  30  per  cent  of  the  beat  vakie  of 
the  oool  i»  utUixcd? 

S96.  Fmd  tbe  numlxr  of  B.t.u.  and  of  cafccies,  equivalent  to  I  Idiowi 
hour. 

397.  Find  (a)  tbe  number  of  B.t.u.  per  bour.  and  (6)  the  cakniw 
hour,  equivalent  t4)  1  H.P. 

996.   Kind  fa)  the  number  of  horM?-pow«^.  ami  il)  Uir  H.l.ii.  per  bi 
equivalent  to  1  kilowatt. 

9M.   [f  cl(.*ctnc  imcncy  coKt^  10  vx'utu  jk.t  kilowutt-htiur.  how  ni 
calorieR  of  h<3it  will  Ix*  jirotluced  for  1  (vnt7 

400.  CV)mptLre  the  c-vjst  of  ootAing  with  a  guf  ^Urve  with  the  ami 
ciKjkiu^  witii  an  ele«tric  ^tovc.     A>i6ume  that  gan  CKsts  80  oenU  a  ihmis 
cu.  ft.,  that  each  cu.  ft.,  wlion  burupd  yields  14<>,0U0  cal.  ami  tluu 
pf»wor  coHtH  10  fentH  a  kilowatt-hour.    A>4s\ime  that  only  40  per  tx-nt 
thi'  Iwrnt  gc^nerut*^  in  the  gas  atove  Ls  useful,  while  in  the  electric  8loi 
70  jjer  cent  is  useful. 

401.  In  ft  ccrlAin  city  electric  energj'  ft»r  domestic  purposes  oosl» 
centH  jwr  kilowatt  hour  and  illuminating  gas  of  heating  value  550  B  t.i 
fwr  cu.  ft.  eot*t«  $1.00  |)er  thoasantl  cu.  ft.     An  electric  range  delivefj* 
a  kettle  70  per  cent  of  the  ctierg>'  supplied  to  the  range,  whereas  u 
rang**  delivers  t4)  a  kettle  25  per  cent  of  the  energ>'  of  the  gas  consmm 
Kind  the  cost  of  bringing  10  lb.  of  water  from  5(1°  F.  to  the  boiling  poii 
ftnit  tl»*i)  eva[Kjr:itiiiK  5  Ih.,  (u)  by  gaj*.  (M  hy  electricity. 

402.  KMI.OOI)  li.t  II.  p*»r  dny  are  required  to  luuit  a  certain  nvidem 
Coal  itf  lurat  vnhie  12,001)  B.t.u.  [kt  lb.  eorst'*  $<i.00  (»er  t<in,  and  illuuiiuatj] 
giu4  of  heat  value  550  B.t.u.  per  cu.  ft.  coj*ts  11.00  i^er  thousand  cu. 
The  efficiency  of  the  furnace  with  either  fuel  in  GO  pcT  w?nt.  IClecki 
wmrgv  can  l>c  (thiained  at  4  cents  per  kilowatt-hour  ami  the  hcati 
device  Iiuh  an  cJliciency  of  100  ix>.r  cent.  Find  the  cost  of  heating  hy  «i 
nictliMl. 

403.  What  iH  the  theoretical  elhoiency  of  a  steam  engine  who.sc  biiit 
iH  at  I.-jO"  C.  and  its  condenser  at  40°  C? 
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404.  A  heat  pn^ne  works  botwoon  the  temperatures  127*  C,  aiul 
52°  C.  Its  actual  efficiViK'v  -is  niio-tbird  nf  Ihc  Uicorcliciil  efficiency. 
What  per  cent  of  llio  tutnl  amuuiit  uI'  hcut  supplied  is  usefully 
r-uiph.iyed? 

406.  A  locomotive  buruing  1271  lb.  of  coal  per  hr.  and  running  30  mi. 
per  hr.  exerts  a  draw-bnr  [)iill  of  40<m  lb.  \vt.  The  coal  has  a  thermal  vnlue 
of  14,o00  B.t.u.  [K'T  lb.  The  temperature  of  the  steam  entering  the  ciiKine 
Ks  370°  F.,  and  the  temperature  of  the  exhaust  i-s  21*2°  F.  Find  the  max- 
imum ef?icicney  of  the  eui^inc,  the  aotxial  efficiency,  and  tlie  rati**  of  the 
inaximum   to   the  actual  pUicieiK'y  of  the  coiubinetl  ixnler  and  tin^^ine. 

406.  A  loromulive  Inirniu^  13(il  lb,  cmd  ])er  br.  and  running  30  mi. 
l>er  hr.  exerts  a  draw-lmr  pull  of  4154  lb.  wX.  The  coal  hivs  a  thenual 
value  of  14,500  H.t.u.  per  lb.  Steam  enters  the  engine  at  ;i8K°  V.  and 
escupes  at  212°  F,  Find  the  hitrse-power  devnloi>pd,  the  maximum 
efficiency  of  the  engine,  the  ai'lual  ellieiency,  atid  the  ratio  of  the  max- 
imum to  the  actual  efiiciency  of  the  cutnbJned  builcr  and  engine. 

407.  A  locomotive  imniinj?  1595  lb.  coal  [kt  hr.  and  numinK  30  mi. 
per  hr.  exerts  a  draw-bar  pnll  of  .V2.'j.S  lb.  wt.  The  coal  has  a  thermal  value 
of  14,500  B.t.u.  [MT  lb.  Ste«m  enters  the  engine  at  40S°  F.  and  ei<<*apos 
at  2l2°  F.  Find  ihe  horse-|j<i\ver  devcloj)ed,  the  maximum  efhoiency  of 
the  enKine,  the  actual  efficien<'y,  and  the  ratir>  of  the  maximum  to  the 
actual  efficiency  of  the  combined  Ixuler  and  engine. 

408.  A  locomotive  burning  1S34  lb.  coal  i>er  hr.  and  running  40  mi. 
per  lir.  exerts  a  dmw-bar  pull  of  45!Hill>.  wt.  Thccoiil  lia.sa  thermal  value 
of  14,5(-»0  li.t.u.  ix'r  lb.  Steam  etiter-*  the  engine  at  4(KS*^  F,  and  e.'^capes 
at  212"  F.  Find  the  horse-power  developed,  the  maximum  efficiency  of 
the  engine,   the  actual  efficiency  of  the  comliinwl  boiler  and  engine. 
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409.  Find  the  repistanee  at  20°  C,  of  five  milp-s  of  copper  wire  4O0 
mils  in  diameter. 

410.  The  resistance  of  500  metern  of  copper  wire  ^vith  a  cr(tss-i*ection 
of  0.001  St],  cm.  is  79.5  ohm.s  at  0°  C.  What  is  the  resistivity  of  copper 
in  eentimeter-ohra  measure? 

411.  A  cohmm  of  men'ur>'  KHi.S  cm.  long  with  a  section  1  sq.  mm. 
has  a  resi.stanre  of  1  ohm  at  0*  C.  What  in  the  resi.stance  between  oppiv 
site  fftcew  of  an  inch  cuIk*? 

412.  No.  30  wire  hujs  a  dianictrr  of  U.OI  in.  Ctdculute  the  resistance  of 
50  ft.  of  this  wire. 
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413.  No.  36  wire  has  a  diameter  of  0.005  in.     Hnw  many  feet 
man  silver  wire  af  this  number  will  there  ite  in  a  oOO-ohm  coil? 

414.  An  iron  wire  has  an  area  of  cros^-section  of  3  aq.  mm.  and 
same  resistance  as  a.  copper  wire  1000  m.  long  and  croes-eection  of 
Bq.  mm.     Suppofdni;  the  conductivity  of  iron  to  be  one-seventh  that 
copper,  what  would  be  the  length  of  the  iron  wire? 

416.  The  secondary  circuit  of  an  induction  coil  in  a  copper 
mm.  thick  and  100,000  ohms  resistance.    Wliat  is  the  length? 

416.  A  cable  23  km.  long  was  placed  in  a  river;  it  had  a  copper 
ance  of  liOfi.S  ohms;  after  a  rupture  <tf  the  cable  the  resi»tance  from 
of  the  -^tatinn-s  was  foimd  to  l»e  75.3  ohms.    What  is  the  distance  of  the 
rupture  from  the  Malion? 

417.  The  re^^istAnce  of  18.12  yd.«<.  of  No.  30  B.  W.  G.  copper  wire 
was  found  to  l>e  3.02  nhins.  Another  cf^il  of  the  same  wire  had  a  resistance 
of  22.65  ohm.«».     ^Vhat  length  of  wire  wjis  there  in  the  coil? 

418.  From  the  resistiWty  of  copper  caJculute  the  resistance  of  a 
double  line  of  copper  wire,  6.25  km.  long  and  0.7  cm.  in  diameter,  allowing 
4.6  per  cent,  for  "sag"  and  waste. 

419.  Of  two  plfltiimm  wires  the  fmft  has  a  length  of  70  m.  and 
thickne»<8  ni  1.2  mm.;  the  second  hat^  a  thiekne68  of  0.3  mm.  and  a  resii 
anc-t!  half  that  of  the  first.     What  \&  the  length  of  the  *ec*>nd? 

420.  One  of  the  trann-Atlantic  cables  has  a  length  of  3000  km. 
the  copper  core  a  nwliua  of  2.5  nmi.     What  in  its  resistance? 

421.  The  Iwibliins  nf  the  elet'trinmagnet  of  a  certain  telegraph  relt 
carry  *.M()  m.  of  topper  wire  0.2  mm.  thick.  Wliat  is  the  rewiatunce  of  tl 
bobbin? 

422.  A  tplegraph  line  5  mi.  Inn^  is  made  of  irtm  wire  0.204  in.  in  diai 
eter.     Find  its  rcsistiuicc.     The  line  failed  to  work  and  the  operat*>r 
one  end  found  Lhat  fhe  [uirL  with  whicli  he  was  connected  had  a  resislani 
oi  2  ohms.     How  fur  from  hrH  end  wa.«  the  "ground  '*? 

423.  The  re«istance  of  Fin  iron  wire  at  20**  C.  is  1106  ohms.  \M»i 
is  the  reai-stance  at  0"  C?  nt  40"  C? 

424.  Assuming  the  t^nii^erature  coefficient  to  he  constant,  find 
temperature  at  whicli  fMtfijwr  would  h.ive  no  rp.sistanc^. 

426.  The  temperature  coefficient  for  a  carbf)n  filament  is   — 0.( 
How  many  ohms  of  copper  resistance  must  be  joined  in  "series  with  a  cl 
boD  filament  of  100  ohms  resistance  ao  that  the  combined  resistance  may' 
be  constant? 

426.  WTiut  is  the  tempcmtnre  of  a  furnace  in  which  the  coil  of 
platinum  themiometer  has  a  re.su*tance  of  1020  ohms  if  the  resistant^ 
(?*'C.  is  300  ohms? 
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427.  It  IB  found  that  a  certain  wire  has  a  resbtance  of  10  nhins  at 
15*  C,  and  16.S  ohms  at  215**  C.  Find  the  temperature  coefficient  of 
resiBtaxice  of  the  material. 

428.  Find  the  resiNtaace  at  26**  C.  of  copper  wire  10  m.  long  and  1  nun. 
in  diameter. 

429.  A  coil  on  a  dynamo  hiu^  a  re«f*taiice  of  A'i  ohms  at  20°,  After 
the  machine  haet  been  in  operation  for  some  time  the  re»istajice  is  52  ohms. 
Find  the  temperature  of  the  coil, 

Jouiji'k  Law 


430.  A  current  of  10  amp.  flows  through  a  conductor  having  a  resist- 
aacc  of  4  olim».  How  much  heat  is  generated  in  the  conductor  per 
minute? 

431.  A  current  of  0.5  amp.  in  a  ({low  tamp  genomtes  15  cal.  of  heat  in 
10  sec.  Kequired  the  resist^ince  of  the  lamp  in  ohms  and  the  power 
expended  in  the  lamp  in  wattfi. 

432.  What  horse-pfjwer  is  required  to  maintain  a  current  of  4  amp. 
through  a  rcHistance  of  37.3  ohms? 

433.  Each  of  38  arc  lamps  lias  a  resistance  of  i\  nhms.  They  are 
arranged  in  serie:*  on  a  circuit  6  km.  long,  and  it  is  desired  that  the  line 
•afaaorb  only  one-thirtieth  of  the  available  euerKy.    What  must  be  the 

di&mot<*r  of  the  wire? 

434.  SiippoRe  a  German  silver  wire,  the  repistance  of  which  is  3.5 
ohms,  to  be  immersed  in  3  liters  of  water  at  20**  C.  What  will  be  the 
temperature  of  the  water  .iftcr  a  current  of  4  arap.  has  been  passing 
through  it  for  20  rain.? 

436.  In  order  to  detennine  the  strength  of  a  current,  it  wim  made  to 
pass  tlmjugh  a  coil  of  wire  of  .5  ohms  nvtistjinre  placed  in  a  calorimeter. 
A  steady  stream  of  water  wils  kept  flowing  Ihnmgh  the  calorimeter  at 
thp  rate  *)f  !o  re.  per  min.,  and  the  heating  effert  of  tlie  current  was  such 
that  the  wal^"  was  4"  warmer  un  leaving  the  calorimeter  than  it  waa  on 
entering.     Find  the  strength  of  the  current. 

436.  When  a  vessel  euiilaining  l.^tX]  g.  of  hot  water  is  allowed  to  cool, 
its  temperature  when  it  pa^^ses  110°  C.  is  falling  at  the  rate  of  12°  C.  per 
rain.  A  wire  of  6  ohms  resi-stahce  is  submerge*!  in  the  water.  How 
much  current  must  l>e  sent  through  thi.s  wire  to  keep  the  temijcrature  of 
the  vessel  at  »K)°  C? 

437.  In  the  same  series  circuit  there  are  a  platinum  wire  20  cm. 
long  and  0.4  mm.  in  diameter,  and  a  tfitvcr  wire  400  cm.  long  and  0.0 
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nun.  in  diampter.    What  is  the  relation  between  the  quantiticfi  of  h< 
evolved  in  the  wires  by  the  same  current? 

438.  If  20  jx^r  cent  of  the  heat  develnjKMl  ii*  lu.<t  by  radiation,  how 
rnucli  will  the  teraperature  of  a  copper  conductor  '2i)0  m.  long  and  0.4  ci 
in  diameter  rise  u»  10  niin.  if  it  carries  UK)  amp.? 

439.  The  armature  of  a  d>niamo  htus  a  resistance  of  0.5  ohm,  the 
1.2  ohm,  anil  each  of  5  arc  lautps  in  series  2  ohms.  Wlmt  is  the  fi 
of  the  tot-al  energy  utiHiied  in  the  lamps? 

440.  If  electric  energy  costs  10  cents  per  kilowatt-hour,  how 
calories  of  heut  will  be  produced  for  one  cent? 

441.  Find  tlie  number  of  calories  developed  in  2  tnin.  by  a  current 
10  amp.  ;<upplicMl  to  an  electric  heater  whiw<e  resij^tam^  is  7  olmiB. 

442.  Hy  nieiULS  of  an  electric  lieatiuK  I't'il,  250  g.  uf  water  it  12* 
are  to  be  vaporized  per  se-  -  The  reaistance  of  the  coil  is  50  ohnis.  Fi 
the  curr   it  and  power  recjuired. 

443... A  current  of  o  amp.  traverses  an  electrolytic  bath  of  O.ti  oh 
rosintarr  e.     \X\im  is  tlic  onerjiy  oxtHMidctl  per  minute  in  con.-^e<]uence 
this  resiitance,  and  wlint  iiuaiitity  of  heat  is  supplied  t^)  the  bath  per  minj| 

444.  Find  the  number  of  (a)  joules,  (6)  calorics,  (c)  ft.  lb.,  (rf)  B.tj 
in  1  watt-hour. 
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446.  Wliat  current  flows  through  an  electric  heAtor  of   100  ohms 
resL^tance  placed  acrups  n  5.T0-volt  circuit? 

446.  On  connecLinii  a  10,0(K)H)Uni  voltmeter,  which  is  in  series  with  an 
unknown  resistance,  to  110-volt  mains,  the  voltmeter  reading  is  5 
Find  the  unkjiown  rcsistiuice. 

447.  A  liattery  has  an  K.M.F.  of  1.3  volta  and  a  peftistanee  of  18 
Wliat  i.s  the  maxinutni  current  it   t^an   give?     Wlmt  current  will  it  give 
when  the  external  rcsititanoe  is  10  ohmn? 

448.  A  galvanic  cell  of  E.M.F.  I  volt  and  internal  resi.'^tAm^  O.S  ohm 
is  connectetl  to  a  galvanoniotcr  which  indicates  a  current  of  0.016  an^] 
What  is  the  rcsistanc<»  nf  the  g:ilviiiKi:tictcr? 

449.  A  certain  galvanic  cell  has  nn  E.M.F.  of  2  voltes  and  an  into 
resistance  of  0.4  ohm.     What  external  resistance  must  Iw  placed  in  circ 
that  the  current  may  be  2  amp.7 

460.  A  galvanometer  of  240  ohm.s  resistance  when  connected  in  s 

...    a  cell  of  5  ohms  resistance  and  a  rheostat  of  100  nhms  rcsistAZii 

Qo  p  •  ^  scale  divisions.    If  the  deflection  is  proportional  to  the  current 
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what  resistanw*  in  series  with  the  galvanometer  and  cell  would  reduce  the 
U»-flec'tion  to  5  scale  divisious? 

461.  With  atj  external  resisiai»ce  of  9  ohms  a  certain  battery  gives  a 
current  of  0.43  amp.  VVIien  the  ext'crnal  resistance  is  incrca.sed  to  32 
(ihiiifi  the  current  falU  to  0.2  niup,     Wluit  i.-*  the  resistance  of  the  battery? 

462.  Ten  cells  in  series,  each  having  an  E.M.F.  of  l.Jj  vol  Us  and  an 
interna!  rusistance  of  1  ohm,  will  give  what  curreut  tlirougli  an  external 
rc:di>»t>}ince  (»f  3()  ohras? 

463.  Thf  rcsistniice  of  telej^raph  wire  being  tiikcn  as  13  olims  ]n^r  nifle 
and  the  K.M.r.  of  earli  cell  as  1.4  volts  ami  the  rt^sistaneo  of  envh  cell  as 
5  ohmri,  ciUculate  h'w  nuuiy  cells  jjro  tieedt^  to  send  a  rurrenl  of  13 
millianiljcres  thnmgli  a  line  120  miles  long,  assuming  tliut  the  iiistnimenta 
in  circuit:  oiler  as  much  rcHisUnce  as  20  miles  of  wire  would  ch>  and 
that  the  return  current  through  earth  mt  is  with  no  np-^rcttiable 
rp^istiince. 

464.  A  galvanic  cell  indicates  a  certflin  current  when  connei  -d  to  a 
fpU variometer  of  ncglij^ble  resistance.  When  a  resiKt^ince  of  Vo.  20 
German  silver  wire  5  ft.  lonp  is  inserted  mU)  the  circuit  it  is  fuund  to 
reduce  the  curnml  to  one-half  its  fdnner  value.  If  No.  20  Gprman  silver 
wire  has  a  resisUiiu^o  of  100.2  ohms  iier  lOiK)  ft.,  find  the  re-sist^nce  of  the 
cell  in  ohms. 

468.  Wliat  is  the  internal  resistAnee  of  a  cell  whose  E.M.F.  on  open 
circuit  is  1.12  volt^  when  titi*  circuit  is  closed,  if  witli  an  external  resistance 
of  20  nhms  the  volt-ijjo  fnlls  to  1  volt? 

456.  A  telegraph  line  has  a  rcsist*anre  of  ]  ulirn  (wt  mile.  Find  how 
many  colls  each  of  an  E.M.F.  1.5  volts  and  internal  resistance  0. 1  ohm  are 
required  U>  send  a  current  of  0.2  amp.  through  a  line  JyO  mi.  long,  neglecting 
the  instrument  resistance. 

467.  An  inclosiHl  arc  lamp  irqiiiros  SO  vnlts  and  4.5  amp.  to  run  it 
properly,  (a)  What  is  its  resistance?  (//)  How  much  resistimce  must  be 
added  to  it  ro  that  it  shall  carry  the  proper  current  when  it  is  coupled 
to  a  lUVvolt  circuit? 

468.  Two  50-volt  lamps  that  re*piire  8  amp.  eacii  are  put  in  series 
Bcn^tss  the  terminals  of  a  llO-vuIt  incandescent  circuit.  How  much 
resistance  must  be  put  in  series  with  them? 

469.  A  current  is  serit  by  a  battery  of  constant  E.M.F.  (a)  thmugh  a 
rcsistantH*  of  20  ohms,  (ft)  through  a  wire  of  unknown  resistance,  and  (c) 
thn)ugii  a  rusisluricf  uf  -10  ohms.  The  currents  prfwiucwl  are  in  the  ratios 
of  10:9  and  10:8.  What  are  Uie  resistances  of  the  battery  and  of  the 
wire  tcMU'd? 

460.  Two  cells,  each  of  E.M.F.  1.1  volt«,  ore  connected  septtrately  to 
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reswtanccs  of  4  and  5  ohms.    If  the  cells  have  equal  internal  nsis^ 
1.5  ohms,  what  will  l>e  the  P.D.  Iietween  their  temiinnls? 

461.  A  voltmeter  that  has  a  resi-stance  of  2<>,0(X)  ohnis  indicate;  37 
volts,  (a)  What  is  the  strength  of  the  current?  (6)  \Mint  voltage 
would  such  an  iuittrument  indicate  with  a  current  of  3  milliampereK? 

462.  Two  voltmetere,  one  of  wliich  has  a  resistance  of  25,000  ohnw, 
and  the  other  a  rtetLstance  of  15,000  ohms,  are  (^uinc^cted  in  series  ftcros 
110   volts,     (a)  W'liat   current   flows*   thrr»ugh   the   Hvstem?     (6) 
voltage  does  the  fir^t  inKtrument  iniiicute?     {c)  What  voltage  does 
second  infitrumeiit  indicate? 

463.  A  unifonn  copfier  wire  500  ft.  long,  and  luiving  a  reRistance 
2  ohin.s,  is  connectwi  to  the  jwles  of  a  dynamo  of  E.M  J'\  50  volts.     If  tl 
resistance  of  the  dyimrno  i.s  10  ohms,  and  if  the  positive  pole  ia  elcetrici 
connected  througli  a  voltmeter  t/i  a  point  100  ft.  along  the  wire,  what 
be  the  voltmeter  reading? 

464.  In  a  machine  we  find  the  P.D.  nt  the  terminals  to  be  75  voli 
the  resistance  of  the  annaiure  0.52  ohm,  the  resi.^t^incc  of  the  extci 
circuit  15  nhmw.     What  i.s  the  tot.nl  E.M.F.  when  running? 

46&.  The  E.M.F.  of  a  battery  is  5  volts.  When  the  external  resistai 
is  lOO  ohrn.^  the  P.D.  at  tlie  tenninaLs  is  4  volta.  What  is  the  inter 
refiifltanoe? 

466.  Ten  lamps,  each  of  60  ohms  resistance,  are  arranged  in  serii 
The  leads  have  a  resistance  of  5  ohms,  the  generator  1  ohm,  and  the  ci 
rent  is  1.0>i7  amp.     Find  the  E.M.F.  and  P.D.  of  the  generator. 

467.  In  a  gi\'en  circuit,  the  P.D.  across  the  terminals  of  a  resii$tAi 
of  19  uhnis  iH  foujid  to  Ix;  'S  volts.  What  ia  the  P.D,  across  the  tennini 
of  a  IJ^ihm  win^  in  the  siime  circuit? 

468.  A  trolley  wire  of  No.  0  B.S.G.  Ims  a  resistance  of  0.519  ohm  per 
mile.     What  is  the  drop  of  potential  between  the  station  and  a  car  takii 
20  amp.  2  mi.  mit  im  the  line. 

469.  A  power  .station  maintains  a  difference  of  pntential  of  550  vnl 
between  trolley  and  ground  at  the  station.     The  resistance  of  the  trolh 
wire  is  0.519  ohm  per  mile  and  that  of  the  rail  O.Oi  ohm  per  mile, 
there  is  only  one  car  on  the  line,  how  far  from  the  station  must  it  be 
have  the  jMit^ntial  dnjp  to  M)0  vnlt,**  with  a  current  of  35  amp.? 

470.  A  current  t>f  H)  amp.  develops  144  (l(f*)  cal.  of  heat  per  minutl^| 
What  is  the  resistance  of  the  circuit?  What  (juantit}'  |)Jisse«  per  miuut*^^ 
What  pi>tential  difference  in  refjuin^J  to  maintain  the  current? 

471.  To  find  the  terminal  P.D.  of  a  d^^m^no  you  connect  to  ius  hru.'- 
the  eitdH  of  a  wire  120  ft.  Inng,  and  luul  that  when  one  terminal  of 
^vanic  cell  of  1.05  voltH  iH  joined  to  a  point  on  the  wire,  and  the  ul 
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tcrminiil  in  series  with  a  palvaiuimetor  is  rorinectwl  to  another  point  1  ft. 
fn>m  the  hn^t,  no  cleflcctioti  is  ohstrvctl.  What  is  the  terminal  P.D.  of  the 
dynamo? 

472.  IIow  many  iMid  a<^rvimuUttc>rs  <^ach  of  a  E.M.F.  of  2.1  volts  and 
ttn  iul'-'mal  resisfnuee  of  O.OOo  ohm  can  l«'  rliar^ed  in  Beriets  at  the  rate  of 
15  anip.  by  a  dynamo  ef  tiTiniiml  iintfrilial  <iifTrrenw  115  volta? 

473.  A  battery  of  40  s^t'ondarj'  culls  in  series,  each  of  E.M.F.  2.1 
voltfi  and  internal  resistance  0.02  ohm  in  to  be  charKod  by  a  current  of  10 
amperes.  The  battery  ib  t^i  be  rtumecf^^:!  lo  a  dynamo  by  coiidin-lons  of 
resistance  0.1  ohm.  What  must  l>e  the  [jotential  differenoe  ut  the  ter- 
minals of  the  dynanTo? 

474.  A  JMittery  *)f  30  acciimiilators  each  of  E.M.F.  2.1  \'olta  and 
mtemal  resit-lance  0.01  ohm  is  to  be  charged  at  4  amp.  from  a  UO-volt 
supply  hne.     Find  the  resistunco  that  mnst  iw  phifed  in  rirnxit. 

476.  If  a  current  of  5  amp.  passen  thrnii^li  ti  win*  having  a  resistance 
of  2  ohinp,  {a)  what  E.M.F.  is  required  to  maintain  the  current?  (b) 
how  much  heat  is  deveh)iH.Hl  in  the  wire  in   10  min.? 

478.  An  eJeetric  pocket  flash-lntnp  hius  a  resistiuice  of  12  ohms  and  is 
lighted  by  a  batterj'  of  .3  cells  in  scricR,  each  Iiaving  an  E.M.F.  of  1.5 
volts  ajid  fiii  internal  resi.stanoo  of  2  ohm.s.  The  oiitput  of  the  battery  is 
0.5  ampere-hour.  Find  the  number  of  flashes  the  lamp  will  give,  supposing 
each  to  be  5  sec.  long. 

477.  How  much  in  generated  in  10  min.  in  an  electric  lamp  which 
Iftkes  a  current  of  0.45  amp.  with  an  applied  K.M.F.  of  110  volts? 

478.  -\  generator  having  a  l>rush  potential  difference  of  220  volts 
fornishpH  power  to  a  factory  10,000  ft.  distant  through  wires  having  a 
resristance  of  O.OS  ohm  per  1000  ft.  WTiat  will  be  the  line  voltage  at  the 
factory  when  usinj^  10  tinip.?     (h)  Wien  using  20  amp.? 

Eli-xthic  Kneek^y  and  Poweb 


479.  Find  the  amount  of  heafr  generated  per  minute  by  an  incandes- 
cent himp  that  takes  0.4  ani|>.  when  the  iK^tniitial  difference  at  it«  terminals 
is  1 10  volu. 

480.  A  motor  is  rated  to  take  9  amp.  and  consume  2000  watts.  For 
what  voltage  ia  it  built? 

481.  A  50-candIe-power  carbon  hunp,  rate«l  as  3.1  watts  per  c&ndle,  is 
to  take  2.58  amp.     On  what  voltage  should  it  be  run? 

482.  An  incandescent  lamp  of  Ifi  candle-ix>wer  takes  a  current  of 
0.75  amp.  with  a  diflferenee  of  p(»tential  of  <H)  volts  between  its  terminals. 
Find  the  number  of  watts  per  candle-power  absorbed. 
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483.  How  many  llO-volt  lamps  can  be  operated  by  t 
generator  if  the  current  in  each  lamp  is  0.5  amp.? 

484.  An  arc  lamp  has  a  current  of  10  amp.  and  a  potential  diiTeren^ 
of  00  volts  between  the  carbon  points.     Find  {n)  the  power  required 
operate  the  lamp;   (b)  the  coet  per  hour  of  operating  the  lamp  at  6  cen 
per  kilowatt-liour. 

486.  A  street  car,  nmning  on  a  system  in  which  the  difference 
ptitential  between  trolley  wire  and  track  is  500  volts,  requires  15  amp.  to 
run  it  on  a  certain  grade.    What  la  the  number  of  watte  used?     W 
is  the  horse-power  used? 

486.  An  electric  motor  delivers  to  the  Ijelt   10  horse-power 
taking  SO  amp.  from  a  llO-volt  circuit.     Find  the  efficiency. 

487.  A  certain  motor  takes  8  amp.  from  a  500-volt  circuit,  and  deliv 
5  horse-power.     Whut  is  its  efficiency? 

488.  An  electric  motor  found  by  a  brake  teet  to  develop  2  horse-pow< 
requires  8.25  amp.  at  an  electromotive  force  of  220  volte.     What  is 
efficiency  of  the  motor. 

489.  A  certain  motor  on  a  llO-volt  line  is  traversed  by  a  current  of  80 
amp.  when  developing  9.7  H.P.     Find  the  efficiency. 

490.  A  motor  of  90  per  cent  efficiency  on  a  1  lO-volt  line  is  developing 
10  H.P.     Fin<l  the  current  through  the  motor. 

491.  How  many  calories  of  heat  are  dev-eluped  per  second  by  a  U(K 
volt  incandescent  lamp  carrying  a  current  of  0.6  amp.? 

492.  The  resistivity  of  a  certain  kind  of  wire  i;*  50  microhms  per  ceni 
meter  cul>e.  Calculate  the  length  of  this  wire,  of  diameter  2  mm.,  s\n 
that  when  the  current  strength  in  it  is  5  amp.,  the  power  coDsumpti< 
will  lie  1000  watt-s. 

493.  A  current  of  6  amp.  from  a  llO-volt  circuit  flows  tiirough 
electric  flat-iron  for  I  hr.     Find  the  heat  energy  developed  in   kilowal 
hours  aiul  in  calories. 

494.  Electric  energ>*  costs  8  cents  per  kw.-hr.     A   1 10-volt  mot 
takes  2  amp.     How  much  will  it  cost  tp  run  the  motor  for  30  days, 
hours  per  day? 

495.  If  electric  energy  costs  8  cents  per  kilowatt-hour,  what  will  b*" 
the  cast  jjer  harwe-power-hour? 

496.  An  electric  flat-iron  of  27.5  nhm.s  resistance  is  coimeeted  to 
UO-volt  circuit.    At  10  cents  per  kiluwatt-hour  how  nuich  would  it 
per  hour  to  heat  the  Hal^iron? 

497.  An  electric  stove  having  a  resistance  when  hot  of  15  ohms  is  coi 
nected  to  a  llQ-volt  circuit.     Find  the  power  absorbed,  in  kilowaiu 
in  horse-power. 
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498.  If  an  incaiule^L'eiil  lamp  requireB  a  current  of  0.5  amp.  and  a 
difference  of  poU'iitial  of  110  vrtlt*^  ut  its  lerniiiiuls,  (a)  how  grout  m  ita 
resistance?  Q?)  How  iriaiiy  yuch  lumps  niay  be  suijplied  with  power  by  & 
2  kilowatt  electric  gnncmtor? 

499.  An  elevator  weigliing  2  metrio  tons  is  to  be  lirt4*d  at  the  rate  of 
5  m.  per  see.  If  the  output  oi  tlie  dri\nnK  niot^r^r  is  SO  per  cent  of  its  intake 
of  enerRy,  (o)  how  rnativ  kilnwatts  mirst  lie  ntippliotl  to  the  motor?  (6) 
How  many  joules  r.f  work  iruist  the  Tnntnr  d*>  jkt  sorftnd? 

600.  A  32-candle  fxiwcr  tungsten  lamp  is  opprating  on  a  112-vnlt 
circuit.  It  ret:|uircs  1.25  watt.s  jx^r  candle.  Find  current,  resistance 
and  co»(  per  hour  at  8.1  cents  per  kilowatt-hour. 

601.  If  a  cell  has  an  E.M.F,  of  2  volts,  an<i  furnishes  a  current  of  5  amp. 
vrhat  \n  the  rate  of  expenditure  of  ciierK.v  in  watt,s?  If  the  resistance  of 
the  external  circuit  is  0.1  ahm,  whitt  is  the  ratio  of  energ>'  spent  in  the 
internal  to  that  in  tlie  external  ciivuit? 

502.  The  same  amount  of  power  is  to  be  transmitted  over  two  lines 
from  a  |H)wer  plant  to  a  di.'-tant  rily.  If  the  heat  lns.«ft*  in  the  two  linea 
are  t<»  l>e  the  .same,  what  must  lie  the  ratio  of  the  iTUKs-sections  of  the  two 
lines  if  one  current  is  tratisinitted  at  ItX)  voltx  and  the  other  at  10,000  volts? 

603.  How  many  10-candle-jjower  lamps,  eavh  requiring  3.5  watte, 
per  candle,  can  be  mn  by  a  four  kilowatt  dynamo?  If  the  lamps  are') 
50-volt  hunpH,  wtiat  ciurent  does  each  take? 

604.  A  220-voU  lanif^  has  a  retiistanoe,  when  hot,  of  about  750  ohms 
How  many  calories  will  l>e  developed  in  it  in  10  min.7 

606.  Given  a  tranamission  line  of  0.5  ohm  resiKtance,  the  power 
required  ut  the  farther  end  is  UKH)  kw.  at  a  potential  diffcrenne  of  100 
volt«t.  (rt)  What  is  the  current  flowing?  [b]  What  is  the  line  drop?  (c) 
What  is  the  initial  voltage? 

606.  A  dynamo  receives  52.5  HP.  of  mechanical  energy  and  delivcra 
3.tO,000  watt*  at  a  P.D.  of  10,000  volts.  The  line  that  completes  the  cir- 
cuit has  a  resi.stance  of  14  ohms,  (a)  Detorrnine  the  current  strength. 
(6)  Wlnit  is  the  line  Iors  in  volts?  (c)  In  watts?  (rf)  What  is  the  effi- 
ciency of  the  dynamo? 

607.  An  electric  motor  is  suppHe<l  at  a  bm.sh  P.O.  of  100  volts; 
the  annatiae  resistance  ia  0,01  ohm.  \Mien  it  ia  supplying  20  H.P., 
what  is  itd  electrical  efficiency? 

608.  A  mot^>r  was  tt^ted  with  a  current  of  25.5  amp.  and  an  E.M.F.  of 
40  volt*,  and  -was  found  to  develop  0.9S  H.P.  Find  its  efficiency,  and 
the  power  supplied  to  it. 

609.  CalciUate  the  efficiency  of  a  long-di^'tance  line  of   10.8  ohms 
BBtance,  when  50  amp.  at  3fiO0  volts  are  supplied  to  it. 
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610.  Two  pipes  each  4  in.  in  diameter  and  4  ft.  long,  one  covered  wit 
an  iiLsulating  inateriul,  the  other  bure,  are  filled  with  oil  into  which  \s 
immersed  a  coil  of  wire  by  which  the  oil  uiay  be  heat^Hl  electrically.  When 
the  tcmiKTiitare  of  the  oil  in  each  pipe  wua  cous^tant  and  100°  C,  tl 
following  data  were  taken :  In  the  coil  of  the  covered  pipe  the  cnrrcnt 
4.2  amp.  and  the  potential  difference  of  it*  terminals  was  23.0  voH 
In  the  roil  of  the  uncovenxt  pipe  the -current  was  5.o  anip.  and  the  pot«i 
tial  difTerciK'c  of  itn  terminals  was  3S.5  vttltfl.  Find  the  saving  in  oi 
month  (m  10(X)  sq.  ft.  of  pipe  under  li^imilar  conditions  when  energ>* 
supplied  at  4  cents  per  kilowatt-hour. 

611.  Compare  the  cost  of  purchase  and  operation  for  2000  hr.  of 
two  following  lamps. 

Life.  Watts  per  C.P.    First  Cost.   C<»st  per  Kw.  Hr.   C. 

(a)    1000  hrs.  3  5  25  ct».  9  cts.  32 

{b)       500  hrr;.  2.2  140  cw.  9  ct«».  32 


612.  In  a  brake  tefit,  a  force  of  800  g.  wt.  was  applied  tangentially  to 
the  pulley  of  a  motor.    The  speod  was  1100  r.p.m.  and  the  pulley  was 
25  cm.  in  diameter.     The  motor  had  nn  efficiency  of  SO  percent  and 
applieii  E-M-F.  was  100  volta.     Wlmt  wa.s  the  currejit  .supplied? 

613.  An  8-ton  car  requires  a  certain  current  to  nin  on  a  level  track' 
at  a  speed  of  22  ft.  per  sec.     At  500  volts  what  additional  current  will  be 
required  to  pull  the  car  at  the  same  speed  up  a  grade  of  5.6  per  cen' 
a^uming  the  resistance  to  motion  on  the  Ijill  equal  to  that  on  the  level? 

614.  A  generator  receives  power  at  the  pulley  at  the  mie  of  lOti  H 
The  terminal  P.D.  of  thi.s  machine  is  6000  volts,  and  the  current  9.8  ; 
W^hat  is  the  rate  at  which  energ\-  is  available  at   the  terminals  of  t 
generator?  \\1mt  is  the  rate  at  which  energy  is  absorbed  by  the  machir 

616.  A  dynamo  is  connected  to  an  engine.     If  15  per  cent  of  the  pn 
of  the  engine  is  wasted  by  friction,  etc.,  what  must  be  its  hors€>-p<>wer  to 
run  tlie  dynamo  when  lighting  550  incandescent  larajjs,  each  ca 
1  amp.  of  current  and  having  a  resistance  of  110  ohms? 

516.  A  generator  haxing  a  resistance  of  0.02  ohm  is  used  to  charge 
battery  r)f  30  storage  cella  in  series.     The  resistance  of  the  cells  is  n 
gible  add  of  the  leads  is  0.5  ohm.     The  E.M.F.  of  the  generator  is  75j 
volts,  and  tht-  current  is  10  amp,     Wliere  is  energy  uaed  in  the  circuitt 
How  is  it  distributed? 

617.  A  dynamo  of  E.M.F.  116  volts  is  to  deliver  100  amp.  at  a  pwnt 
1000  ft.  distant.     The  allowiil>le  loss  of  energy  in  the  line  wire  is  5  per 
Find  the  requires!  tJinmeter  of  the  linn  wire,  expressed  in  mil.s. 

(18.  Assuming  a  power  plant  which  is  20  per  cent  efficient  using 
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of  heat  value  14,000  B.t.u.  per  exjuikI,  calculate  the  niimlwr  of  pounds  of 
ooal  which  mvmt  be  burned  ixr  hour  to  maintain  a  current  strength  of 
50  amp.  in  ii  line  of  20  ohms  reiywUinoe. 

619.  If  electric  L'aerg>'  coet^t  9  cent^  per  kiluwatt-liour,  fiiid  the  cost 
of  energy  required  to  operate  for  100  hrs.  a  lainp  which  takes  0.54  amp. 
from  a  110-volt  pirruit. 

620.  If  electric  rnergy  costs  9  cents  per  kilowatt-hour,  find  the  coat 
per  hour  of  oficration  of  an  electric  fiat-iron  of  50  ohms  on  a  1 10-volt  line. 
Find  the  number  of  calorics  of  heat  developed  i>cr  hour. 

621.  (a)  Compare  the  cost  for  electric  power  of  running  a  10-ohm 
heating  coil  on  a  1 10-volt  circiiitj  with  the  cost  nf  running  the  same  heating 
coil  for  the  «une  length  of  lime  on  a  2*20-volt  cirruit.  (6)  If  the  coil, 
wlien  miming  on  the  1 10-volt  cirniit,  takes  10  rnin.  t-o  bring  to  a  l>oil  a 
certain  quantity  of  water  in  which  it  is  immersed,  how  long  will  it  take 
the  same  coil,  when  running  on  the  220-volt  circuit,  to  bring  the  same 
quantity  of  water  to  a  b(»il? 

622.  Hy  means  of  an  electric  heating  coil,  250  g.  of  water  at  12'  C. 
are  to  be  vaporize<l  j>er  sec.  The  resistance  of  the  coil  is  50  ohms.  Find 
the  pcnver  and  current  required. 
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623.  Find  the  resi.-stance  Iwiwccn  two  jjnintH  in  a  circuit  when  they  are 
jiiineil  by: 

{a)  Three  wires  in  multiple,  resistance  2,  5,  7  ohnw  ret^pecti  ,rely. 
(fc)  Three  wires  in  series,  resistance  2,  5,  7  ohms  respectively, 

(c)  Four  wires  in  multiple,  resistance  40,  20,  30,  an(J,50  ohm^  respectively. 

(d)  Four  wireii  in  series,  resistance  40,  20,  30,  and  50  ulim.«  ret^ixrctively. 

624.  The  resistance  between  two  points  in  a  circuit  is  GO  olims.  Wliat 
resUtance  must  be  placed  in  multiple  with  thb  to  reduce  the  resistance 
to  22  ohms? 

626.  Five  incan<lcscent  lamps,  each  haWng  a  resistance  when  hot,  of 
220  ohms,  are  arranged  in  .<<^ri(^.  If  0.5  amp.  Ls  needed  to  bring  each 
lamp  to  its  projjer  candle  i>ower,  what  E.M.F.  is  needed  for  the  group? 
If  the  five  lamps  were  arranged  in  parallel  what  curretit  would  be  neces- 
sary? 

626.  Two  incandetHrent  lamps  have  resistances,  when  hot,  of  120  and 
240  ohm.s,  respiectively.  What  current  will  flow  through  each  when 
(hey  are  joined  (a)  in  series,  [h]  in  parullH,  between  two  piunt^i  maintained 
u(  a  coustont  difference  of  potential  of  120  volts? 
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627.  Five  16-candle-power  incandescent  lamps  each  having  a  resistance 
wlien  hot,  of  2'20  oluns,  are  arranpetl  in  jxirallol  on  a  110-voIt  circuit. 
Calculate  {a}  the  l-otal  current  taken  by  the  lamps;  (fr)  the  watt*  wn- 
sumed  by  one  lamp.  fl 

52fi.  At  10  cetita  per  kilowatt-hour  how  much  would  it  cost  per  hour 
to  liglit  20  incjiinloM'cnt  lami>s  connectwl  to  a  lOO-volt  circuit,  each  lamp 
having  a  resijttauce,  when  hot.  of  25()  ohiiiM?  ^M 

629.  Wlmt  is  the  hon*e-ixJwer  of  a  ll()-vt)lt  generator  which  caw  jua»™ 
Bupply  the  ciirrenl  for  440  incandescent  lain|5s  which  are  joined  in  parallel. 
Each  larn[i  having  a  re^isUuice.  when  hot,  of  220  ohin.s. 

630.  If  U>,0(K)  incaudoHcent  lampH  are  arranged  in  panillel  and  each 
require^;  a  current  of  0.5  amp.,  wh:U  i;?  the  total  current  furnished  I»y  the 
dytiamo?     What  in  the  activity  of  the  machine  in  kiluwutUj  and  in  hon;&^^_ 
power?  ^M 

631.  A  copper  wire  of  length  /  is  <iivided  in  Ihc  ratio  of  3  to  .5,  and  the 
pieces  joinetl  in  niuUiplo.  What  length  (if  the  sjime  wire  might  have 
been  taken  to  get  the  same  resistance?  ^M 

632.  Two  wires  have  rcsistaiicea  of  36  and  45  ohin»  respectively/^ 
They  are  connected  in  parallel  ho  that  the  total  curn^nt  in  l>oth  branches  is 

9  amp.    M'^at  is  the  joint  resistance  and  what  is  the  current  in  each 
branch? 

633.  The  hot  resistanct^  of  a  1  lO-volt  incandescent  lamp  is  220  ohn 
Find  the  resistance  of  2,  3,  4,  and  6  lamps  in  parallel.     Find  the  current 
in  each  case. 

534.  A  coil  of  c;cipper  wire,  of  resistance  .JOO  ohms,  is  placeti  in  shun( 
with  a  resistance  of  1000  ohms.     How  much  must:  the  temjKratwre 
the  copper  Ix?  varied  to  change  the  multiple  resu^tance  1  per  cent? 

636.  Three  electric  bells  arc  c(>nnect<?(l  in  parallel.     The  renbtance 
each  bell,  iiii'ludinijc  the  wire  connecting  it  with  Hie  line  wires,  is  3.3  ohrai 
The  resistance  of  the  line  wire  is  (Uy  olirr^  anil  the  intenial  resistance 
the  battery  is  3  ohms.     W'hat  is  the  tj>tal  resistance  of  the  circuit? 

536,  If  the  [xiles  of  a  battery  arc  cotmectetl  by  means  of  two  wires  in 
parallel,  one  having  a  resistance  of  0  ohrns  and  the  other  of  8  ohms,  wl 
will  \)G  the  rtwistance  of  the  external  circuit?     If  the  internal  ret^istant 
of  the  cell  is  1  ohm,  what  is  the  E.MJ*.  if  a  current  of  l.o  amp.  floi 
between  the  lenninals? 

637.  Two  electric  maitiB  are  connet^ted  by  four  conductors  in  parallel, 
having  rRsi>ec(ively  resistances  of  3,  5,  7,  and  8  ohms.     Find  the  com-j 
bined  resistance  of  the  four.     What  current  flows  ihrouj^h  the  s\'stt!m 
the  mains  are  at  10  volts  potential  difference? 

63d.  To  the  piiles  of  a  storage*  battery  ha>ing  10  volts  difference 
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poteotiol  between  its  terminalft  arc  connected  in  pamlJel  a  mutnr  having 
a  resistance  of  12  ohms,  a  resist-anco  box  with  a  resistance  of  13  ohms,  and 
ft  plating  bath  having  a  re^^istance  of  5  olims.  Find  (a)  the  anujunt  of  cur- 
rent flowing  through  the  system;  (fc)  tlinmgli  ea*;h  brancih  of  tlir  einMut. 

639.  A  resistance  of  80  ohms  joinwtlie  lorriiiiialwof  u  haitery  of  IvM.K. 
lUO  yohs  and  resistance  20  ohniH.  A  nliunt  of  5  ohniH  is  plaiMnl  around 
40  ohins  of  the  external  resistance.  What  will  be  (a)  the  indrciLse  in  tlio 
total  current,  (b)  the  decrease  in  the  P.O.  at  the  jxiints  jointMl? 

6i0.  Two  [xnntfs  A  and  B  are  connected  Ijy  tlirec  wires;  Mic  tirnt 
contains  a  cell  of  E.M.F.  1.734  volts  and  a  total  re^sislnnce  *tf  0.(J*J  olinm; 
the  two  others  have  resistances  of  U>  ohms  and  2  ohms.  What  are  Iho 
cuirent-s  in  the  three  branches? 

641.  Four  similar  cells  each  with  an  E.M.F.  of  1.5  volts  are  joinwl  in 
aeries  through  u  resistance  and  found  Lu  give  a  current  of  i  anip.,  and 
when  joined  in  parallel  through  the  same  resistance  the  current  is  a  Ihirtl 
less.     Wliat  is  the  resi.stanee  of  each  cell? 

642.  A  110-volt  current  flows  through  two  motors  in  aerioH  liavinf^ 
reaislanfes  of  10  and  lo  ohms  res|)cctivelY.  (n^  Wlint  is  tin*  (ti]\  of  pnti-n- 
li&l  through  the  first  motor;  the  second?  (6)  What  i^  tho  t\*.*w  of  cur- 
rent through  the  first;  the  second? 

643.  If  the  motors  mentioned  above  are  connected  in  parallel  to  tho 
same  circuit,  what  Is  the  fall  of  iwttonlial  tfirough  <'arfi?  What  iK  tlic 
current  through  each?     What  is  the  currtMit  tlirougli  tlic  dytiarno? 

644.  A  220-volt  current  passes  through  four  lain()H  in  serif's,  mch 
having  a  resistance  of  55  ohms.  What  is  the  current  ihrmigli  tlic  lamjiH? 
The  fall  of  potential  through  each?  If  the  Iam[i«  wcfi*  in  finrallcl,  what 
difference  of  potential  Iwtween  the  mains  W4fu!d  pve  Ibn  wimc  current 
through  the  lamps? 

646.  A  battery  eonaista  of  five  cells,  each  having  an  E.M.F.  of  1.08  voltA 
and  an  internal  resistance  of  4  ohms.  What  current  will  tli«  buttery  pro- 
duce with  an  external  resistance  of  7  ohrnit,  (a)  when  connected  in  norioSf 
(6)  in  midtiple? 

646.  A  dNTiamo  has  a  resistance  of  10  ohms,  and  an  E.M.F.  of  100 
volts.  The  current  flows  through  a  re«istance  of  10  ohmB  in  ncriei*  with  a 
set  of  three  resistances  of  2,  4,  and  6  ohms,  reapectively,  in  |>aralU'L 
What  is  the  total  reeistanoc  of  the  circuit?  Wliat  current  flows  through 
the  dynamo? 

647.  Two  wires  of  resl«ttance  2  and  5  ohm?*,  respectively,  are  connected 
in  parallel  and  included  in  a  circuit  in  which  a  current  of  12  amp.  is  flowufig. 
Calculate  the  current  in  each  coil,  the  P.D.  between  the  branch  points, 
and  the  combtned  resistance  of  the  two  coils. 


694 


PROBLEMS 


^ 


648.  Six  conductors  have  the  following  resistances:   10,  15,  16,  20 
and  30  ohms,  respectively.    They  are  connected  to  an  E.M.F.  of  15  vol 

ill  the  following  order:  Tlie  first  lw<»  iire  in  jwmllel,  the  third  in  s«ri 
and  the  last  three  in  parallel.  Wlmt  is  tlie  current  iu  the  fi 
two? 

649.  Three  resistances  of  4,  4  and  2  ohms,  respectively,  are  connect 
in  parallel,  and  two  resistances,  of  6  and  3  oluns  are  iu  parallel.     Tlie 
first  combiimlion  is  connected  in  series  with  the  second,  and  with  a  l>a 
tery  of  3  volts  and  negligible  resistance.     What  is  the  current  in  Uie  2-(>h 
and  in  the  ^nihin  resistance? 

660.  Two  cells  have  internal  resistances  each  equal  to  3  oh^is. 
one  wu-io  they  are  joined  in  series  by  a  wire  of  3  ohms  resistance, 
another  case  they  arc   joined  ui  ptLrallel  by  the  same  wire.     Compare 
the  total  heats  evolved  per  second  in  the  two  cases. 

661.  In  circuit  with  a  dynamo  of  0.01  ohm  resistance  are  placed 
600  incaiidRseent  lamps  in  parallel,  each  Uunp  having  100  ohms  resistance 
and  requiring  0.9  amp.  to  bring  it  to  pn)pcr  incandescence.  What 
must  l)e  the  H.M.F,  nf  the  dynamo? 

662.  Two  pr>iiit-s  A  and  B  are  connecte^l  by  Uiree  wires  whose  rest 
auces  are  1,  3  and  (V  ohms.  Fmd  the  total  current  which  passes  tiirou 
the  multiple  arc  when  the  difference  of  potential  between  A  and  B 
3  volts. 

663.  A  divided  circuit  c*jnsistd  of  two  equal  and  similar  wires, 
the  wires  are  made  to  loiurh  so  that  a  p*jint  one-quarter  the  leuRlh  from 
end  of  one  wire  is  in  contact  with  a  point  three-<iuarter8  the  leuRth  fr* 
the  correspond  ins;  end  of  the  other,  what   will  Ije  the  6ual  re^istan 
compared  with  the  orijcioal? 

664.  If  a  certain  tyt>e  of  electrical  heating  coil  t«kes  500  watts  fnjui 
100-volt  line,  how  many  watts  will  two  such  heaters  take  from  the  sai 
line,  (a)  if  connected  in  series,  (b)  if  connectetl  in  parallel? 

666.  If  a  battery  of  H.M.F.  10  volts  and  resistance  0.5  ohm  i.«  join 
to  an  external  circuit  consisting  of  two  wires  of  10  ohms  and  1  ohm  ci> 
nected  in  parallel,  lind  the  current  in  each  wire. 

566.  A  lighting  system  consistj^  of  10  groups  of  lumps  in  multi 
between  the  line  wirtw,  the  groujjs  being  100  ft.  apart  and  the  nea 
group  500  ft.  fnnn  the  generator.  Each  gr^nip  of  lamjw  takes  5  ac 
and  the  resistance  of  the  line  Ls  0.102  ohm  per  1000  ft.  What  is  the  < 
ference  in  voltage  between  the  generator  terminals  and  the  teimin 
of  the  tenth  group  of  lamps? 

567.  Six  cars  a  mile  apart,  the  first  rar  !  mi.  from  the  plant,  are 
taking  20  amp.  of  curreut.    The  voltage  lietween  trolley  anti  earth  at 
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Note. — One  gram  of  hydrogen  is  deposited  by  96,530  coulorabs  of 
electricity,  <»r  the  elcctTOchemical  equivalent  of  hydrogen  =0.000010358 
g.  per  coulomb. 


Substance 

Atomic  Mass 

Valence 

Copper 

63.6 

2 

Gold 

197.2 

2  or  3 

Hydrogen 

10 

1 

Iron 

55.8 

2  or  3 

Nickel 

58.7 

.2 

Oxygen 

16.0 

2 

Silver 

108,0 

1 

Zinc 

05.4 

2 

^ 
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568.  How  long  will  it  take  n  current  of  1  amp.  in  deposit  1  g.  of 
silver  from  a  solatium  of  silvcT  iiitrutr? 

569.  If  the  .^ame  current  used  in  the  alx»ve  problem  wore  pasHed 
through  a  .solution  containing  a  zinc  salt,  how  much  zinc  would  be  dep08- 
itod  in  the  same  tinje? 

660.  In  calibrating  an  ammeter,  the  current  which  produces  a  certain 
deHeetion  is  found  to  deposit  0.5  g.  of  ^iK'^r  in  50  min.  What  b  the 
Htrengtli  of  the  cunent? 

661.  Det-erciiiiie  the  current  necessary  to  deposit  0.1557  g.  of  silver 
|M'r  hour. 

662.  A  current  of  2  amp.  pa80e8  through  a  coppi^r  ttuli>hate  solutiou  for 
1  hr.  If  the  anode  ia  a  coppei*  wire,  how  much  copper  will  l>e  deix>»ited 
on  the  cathode? 

663.  How  many  atnpere-hours  should  be  developed  by  the  consump- 
Uon  in  a  voltaic  cell  of  1  lb.  tif  zinc? 

66i.  Ten  gnuns  of  silver  ure  to  be  deposited  upou  a  certain  surface. 
How  long  will  it  take  a  current  of  8  amp.  to  do  it?  . 

566.  A  currnit  passes  by  platinum  electrodes  through  three  cells,  the 
first  containing  a  solution  of  rnSC^4.  the  .second  containing  a  solution  of 
Fc»S04,  the  thir<l  containing  a  solution  of  Fe2(S04)3.  Stati-  the  amounts 
of  the  diflTerent  wib.stances  evolveti  at  each  electrode  by  the  ptissage  of 
1000  c*»ulnmlw  of  electriritv. 
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666.  In  a  plating  worlcshnp  the  same  current  Ls  nmde  to  pass  for 
ic  time  through  baths  of  copper,  silver,  gold  and  nickel.     What  are  the 

rations  betwt!en  the  masses  of  the  different  metals  de|>o^!ted? 

667.  How  much  Zn  is  consumed  in  a  battery  which  deposits  GO  gma. 
of  silver  from  a  bath  of  AgN03,  supposing  30  per  cent  of  the  Zn  la  wasted 
through  local  action? 

668.  An  ammeter  indicates  10  amp,  when  traversed  by  a  current  which 
deposits  12.4  g.  copper  from  a  solution  of  CUSO4  in  1  hr.  Find  the 
error  of  the  ammeter  reading. 

669.  A  current  which  gives  a  reading  of  0.27  amp.  on  a  milliamroe: 
depositt^  0.2008  g.  of  silver  in  10  miu.  42  sec.     What  is  the  error  in 
ammeter  rwidings? 

670.  A  dynamo  is  ca|}able  of  deix)sitiiig  0  kg,  of  copper  each  hour 
What  is  the  strength  of  the  current  produced  by  it? 

671.  A  Imttery  of  Uiree  ceJU  is  connectetl  iu  series  with  a  copper  vol 
meter  in  which  31.7  g.  of  copper  are  deix).sit^  in  1  hr.  How  much  cop 
is  depoHited  and  zinc  diHsolved  in  the  whole  l^att^ry  iu  the  same  time? 

672.  How  long  a  time  is  required  fur  100  amp.  to  refine  2000  lb.  of 
copper? 

673.  If  200  g.  of  copper  are  deposited  by  a  certain  current,  what  ma^s  of 
hydrogen  will  be  pn>duccd?  J 

674.  An  (ibjpct  whow:;  surface  was  4  sq.  cm.  was  silver  plated  by  m 
current  of  0.1  amp.,  continued  for  12  hrs.  What  was  the  average  thick- 
ness (if  the  plating? 

676.  A.-^Kuniitis  llif  clectrorhemiral  equivalent  of  hydrogen  find 
ma.ss  iif  nipj»or  dopositetl  j>pr  hour  by  a  current  of  1  amp.,  (a)  from  a  soli 
tion  of  CuNO,;  (6)  from  a  ttolution  of  Cu(NO))i. 
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Galvanometers 


676.  A  galvanometer  of  100  obmn  recjlHtancc  is  to  be  provided  with 
shunt  Buch  that  onevfifth  of  the  whole  current  shall  pass  thrtkugli 
galvanometer     C.'ninpute  the  resiRtance  of  the  sliunt. 

677.  A  (iirert  reathiig  ammeter  ha.s  n  reiM.«»tance  of  0.03  ohm.     The 
ifiHtrurnnnt  is  to  lie  shurit*^  .40  that  the  total  current  passing  through 
instrument  and  nhunt  i»  ten  timc8  the  ammeter  reading.     Wliot  ifi 
resistance  of  the  shunt? 

678.  The  maximum  scale  reading  of  a  voltmeter  whose  resistanee 
3O0  ohms  is  3  volts.  WTial  must  be  the  resistance  of  the  multii^lier 
order  that  the  maximum  reading  shall  correspond  to  150  volt^? 
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679.  An  ammeter  whose  resistance  is  0.1  uhm  and  maximum  scale 
rcaiUng  is  0.15  ump.  is  to  be  used  a.s  u  voltmeter.  Whut  resistunei;  must 
be  uHcd  OR  a  multiplier  in  order  that  the  maximum  scale  reading  fihall  be 
15  volts? 

680.  A  voltmeter  measures  up  to  15  voltn,  and  has  a  rc^u^tance  of 
35O0  ohms.  It  Ls  to  1«?  used  on  a  llo-voU  rircuit  und  is  therefore  put  in 
series  with  a  resistance  of  24,000  ohms.  With  the  two  thus  C4mnected 
and  with  a  P.D.  of  110  volts,  (a)  wlint  is  the  imrrent  strength?  (b)  what 
is  the  indication  of  the  voltmeter?  (r)  hy  what  nuist  the  reading  of  Uie 
voltmeter  be  nuiltipliod  to  get  the  ai'tual  voltage? 

681.  A  certain  galvaninnclnr  hiu;  a  resistance  of  25  ohms  and  gives 
unit  deflection  when  0.002  ainp.  iravcrses  it.  What  rft^islance.  and  how 
placed,  will  change  tliis  instrument  into  a  voltmeter  reading  1  volt  per 
■CfUe  di\'ision? 

682.  A  certain  galvanometer  hfis  n  resistance  of  25  ohms  and  gives 
unit  deflection  when  0.(H)2  :iuij>,  tntverses  it.  Wli:it  resistance,  and  how 
placed,  will  change  this  inslrujiiont  uito  an  ammeter  reading  1  amp,  per 
scale  division? 

683.  A  batter>'  is  connected  by  wires  of  ina]>precinble  resistance  with  a 
galvanometer  and  the  current  is  read  off.  The  galvanometer  is  now 
shunted  with  a  shunt  having  nno-uiiUh  t^f  its  own  resistant,  and  it  is 
fuuud  that  the  current  through  the  galvanfuneter  Ls  now  reduced  to  one- 
half.  Find  the  resistance  (if  the  galvanometer  relative  to  the  resistance 
of  the  hatter>'. 

584.  An  ammeter  indicates  miltian^ieres  up  tu  UK).  It  has  a  resist- 
ance of  0  ohms.  It  is  to  be  u.-^etl  on  a  circuit  that  is  known  to  have  a 
current  of  6  or  7  amp.  What  nmst  be  the  resistance  of  the  shunt  used  so 
that  the  instrument  shall  have  u  nniltipiWnR  factor  of  100? 

'585,  A  naIvMn*Jiiipter  of  *JIO  uhius  resistance,  has  its  terminals  joined 
by  a  shunt  of  10  nhms  nrsistanc(\  The  galvaiiotneter  is  coimectcd  to  two 
points  whose  P.D.  is  0.2  volt.  What  current  flows,  (a)  through  the  gal- 
vanometer coil?     {b)  through  the  shunt? 

586.  A  voltmeter  is  to  Ik-  use^l  to  measure  the  P.D.  between  the  ter- 
minals of  a  resistanctMif  HXIohms.  which  is  in  series  with  another  resifitance 
of  500  ohms  and  a  batd-ry  »if  internal  resistance  O.l  ohrti.  What  must  be 
the  resistance  of  the  voltmeter  such  tliat  its  application  will  not  alter  the 
P.D.  across  the  100-ohm  resistance  by  more  than  one-tenth  of  1  per  cent? 
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687.  Find  the  electromotive  force  induced  in  a  wire  100  cm.  long  that 
is  moved  at  the  uniform  rate  of  200  cm.  per  nee.  acroes  a  uniform  mognetai 
field  of  intensity  5000  gauss. 

688.  A  railway  train  runs  south  on  a  straight  track  with  a  velocity 
15  m.  per  Bcc.     If  the  vertical  c<imponent  of  the  earth's  ma^etic  field 
0.55  gauss,  find  the  K.M.K.  induced  in  a  car  axle  ItiO  cm.  long.     Whi< 
end  is  at  the  higher  |.K)tential? 

689.  When  a  horizontal  circular  coil  of  100  turns  of  wire  1  m.  in  dii 
eter  is  turned  over  In  2  sec,  at  a  place  where  the  vertical  component 
the  earth's  uui^etic  field  is  0.55  gauss,  what  is  the  average  E.M.F.? 

690.  Each  of  the  wires  on  tlie  surface  of  theannature  of  a  d>*namo  is 
50  cm.  long  and  is  traversed  by  a  current  of  40  amp.  If  the  average 
magnetic  intensity  of  the  field  in  which  the  wires  are  situated  is  5000  gauss, 
find  the  force  acting  on  each  wire. 

691.  The  armature  of  a  certain  bipolar  direct  current  d>Tianio  is  20  ciu 
in  diameter,  has  120  conductors,  and  rotates  with  a  speed  of  1000  r.p. 
in  a  magnetic  field  of  mean  field  strength  ^liOOO  ga\is8  between   pole  fu< 
of  aiea  tHKJ  w].  cm,  each.     Fiiul  the  E.M.F. 

692.  A  certain  two-}K>le  direct  current  dynamo  has  560  conductors 
its  periphery.     When  running  at  a  sjwed  of  li^K)  r.p.m..  it  generates  an 
K.M.K.  of  120  volts.     Find  the  magnetic  fiiix  througli  the  arnmlure 

693.  A  two-jMile  dynamo  field  magnet  has  a  fiux  of  15,000  "lines 
per  sq.  cm.     The  nulius  of  the  armature  is  15  cm.     How  many  inducij 
wireti  of  20  cm.  length  mu.st  there  be  on  the  firumture  in  order  that  t 
dynamo  may  generate  108  voMa  when  driven  at  a  ispeed  of  600  r.p.m? 

694.  The  resistance  of  the  armature  of  a  generator  ih  0.02  ohm 
the  8hunt  fields  have  a  resistance  of  25  ohms.     The  generator  alxsorl 
10  H.P.  and  ilelivers  50  amp.  to  the  line  while  the  brush  P.D.  is  118  vol 
Calculate  the  various  power  losses. 

596.  Kind  the  force  exerted  up<jn  a  wire  100  cm.  in  length  at  rigl 
angles  t^>  a  magnetic  field  of  50  gjJuHM  when  the  wire  cjirries  a  curr<»nt 
10  am)). 

696.  A  series-wound  direct  (*urnmt  mot<^r  of  armature  resistance  0. 
ohm  and  field  resistance  ff  I)  nhms  lakes  5  amp.  on  a  110-volt  circu 
Compute  the  total  watts  alworhed  and  the  watts  traasformed  into  heai 

697.  A  }*hiint^w<Hind,  direct  current  motor  ha.-s  an  armature  resistan 
of  1  ohm  and  a  field  resistjince  of  200  ohm.s.  WTien  connected  to  a  11 
voJt  circuit,  there  is  developed  ti  back  electromotive  force  of  105  vol 
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Find  the  power  abeorbed  by  the  motor,  and  the  electrical  efficiency  of  the 
machine. 

698.  A  direct  current  motor  armature  of  0.05  ohm  resistance  is  trii- 
versed  by  a  current  of  70  amp,  whrii  c(»nnected  to  a  1  lO-volt  hne.  Kind 
(u)  the  l>aek  E.M.F.  in  the  ammturo.  {h)  \hi'  ]Ktwer  delivered  to  the  motor 
armature,  (r)  the  [xiwrr  .iKs^irbisi  in  heating  the  amjature,  (d)  the  power 
ab.'*orl:>e<i  due  to  the  liark  E.M.F. 

699.  A  motor  that  is  to  receive  150  kiiowatts  is  connected  to  a  power 
plant  distant  20,000  ft.  by  transmission  wires  2<)0  mils  in  diameter.  Find 
the  E.M.F.  of  the  generator  required  fnr  an  allowable  line  Iohs  of  10 
per  cent. 

600.  A  dynamo  of  E.M.F.  120  volts  is  to  deliver  electric  energy  at 
1 10  volt*  to  a  motor  of  85  per  cent  efficiency  dL*itant  2500  ft.  The  motor 
develops  10  H.P.  at  the  belt.    Find,  in  mils,  the  diatneter  of  the  line  wire. 

IntI:hper£nce  of  LiCfUT 

601.  Find  the  breadth  of  a  bright  band  of  light  of  wave-length 
0.0OO0589  cm.,  when  the  distance  between  the  slits  is  1.24  mm.  and  the 
di>*t«nce  from  the  screen  to  the  diaphragm  is  2.t>l  ni. 

602.  In  a  certain  experiment  with  Young's  double  sHt  interference 
apparatus  the  breadth  of  one  bright  band  was  0.OQ55  cm.;  for  another 
aource  of  light  the  width  waa  0.124  em.  Assuming  the  data  in  the  pre- 
ceding problem,  fuid  the  wave-lengths  of  the  two  light  sources. 

603.  In  a  particular  interference  cxixjriment,  the  distance  between  the 
Bhts  wofi  1.23  cm.;  the  distance  from  sUtti  to  screen  was  143.5  cm.,  and 
the  width  of  15  bauds  was  0.103  cm.  Find  the  wave-length  of  the  light 
xieod. 

Light  QuANTiTiEa 

604.  Find  the  luminous  Hux  of  a  20-candle- power  lamp. 
606.   Find  the  distance  from  a  20-candle- power  lamp  at  which  the 

illnmination  is,  (a)  b  foot^-andlcs,  (b)  20-niotor-candles. 

606.  Find  the  distance  from  a  16-candle-power  lamp  at  which  tlie 
iUumination  is  (a)  S  lumens  per  rc[.  ft.,  (6)  25  lux. 

607.  Compare  the  iHutnination  fnmi  a  16  (randlo-power  lamp  2  m. 
Away,  with  that  from  a  50  candle-power, lamp  3  m.  away. 

K  606.  A  body  placed  40  ft.  from  ai^  arc  light  is  lm»ught  10  ft.  nearer  the 
H  light.  Comimre  the  illuminations  received  by  (lie  body  in  the  two  ca-ses. 
I        609.  At  what  distance  from  a  40-candle-power  mantle  burner  would  a 
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newspaper  rorrive  tho  Rame  illumination  an  i4  would  receive  fitim  u 
S-randle-power  inrandcssceni  lamp  2  ft.  distant  from  it? 

610.  A  20-«indle-powpr  lamp  is  5  ft.  above  and  5  ft.  to  one  w'-lu  *i  the 
center  of  a  horiiontal  table  top.     Find  the  illumination  at  tli- 

the  table  expressed  in  foot-candle*  and  in  lux. 

611.  A  lamp  of  10  candle  pc»wer  \»  pboed  5  ft.  fnvn  a  screen,  siid  & 
second  lamp  of  30  candle  power  is  placed  10  ft.  frrmi  the  srrcen.  Coco- 
pue  the  inteneities  of  flhunukftlaoa.  Fiod  the  amt:>unt  of  iUuminfttMD 
in  ramlle-fcct  in  each  c&!«. 

612.  A  hcfner  lamp  t  M^  brop  of  10  cawOe  power  are  placed  50  cm. 
and  4  m.  respectively  fnjt^a  amen..  Find  tlie  ralae  of  the  Hluminatinn  (ii 
the  seroeo  due  to  each  so    re. 

613.  How  far  fnm  a  jvm  mtBt  a  hefoM'  bmp  be  placed  to  g^^T  thr 
woe  fltnim—ttm  as  a  I  ^>  .-awRt  powei  dertric  liydtit  3  m.  away? 

614.  A  9t«rce  vi  ti^i  equal  to  fire  befner  unit?  and  a  30  candle  i)<>«<7 
f«nqrre  nf  li|:ht  arr  2  m.  apart.  Where  iiMt*!  the  plkoAaoDetcr  lie  plsfol 
tiMt  it  may  be  tqmtfy  gjinnwialed  oa  the  two  ades? 

Cli^  A  IvMOW  sovrcr  aqoil  to  W  Warr  unite  is  placrd  2  m.  fpm  a 
flcfeoit     Had  tbe  vatee  id  the  ahi—ii*«>irMt  oo  tbe  acvoea  ia  befw- 
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Simple  Refraction  of  Light 

621.  The  index  of  refraction  of  water  is  1.33.    What  is  the  critical 

'""'Hflence? 
y  '  .z  index  of  refraction  of  a  certain  kind  of  ^lass  is  1.66.     Deter- 

e  its  critical  angle  of  incidence. 

623.  Find  the  diatance  that  a  fish  is  below  tl»e  surface  of  still  water 
en.  to  an  observer  in  air,  ahoye  the  fish,  the  distance  seema  to  be  4  ft. 
(lex  of  refraction  of  water  relative  to  air  is  1.33.) 

624.  The  wave-length  of  a  certain  radiatii      from  sodium  vapor  in 
frw  ether  is  0.00005896  cm.     What  is  the  wave-'  ngth  of  the  same  radia- 

ioD  in  glass  whose  index  of  refraction  is  1.667 


Single  Lens 

626.  A  camera  which  is  used  for  objects  from  10  to  100  ft.  distant  has 
lens  of  8  in.  focal  lerif^th.     What  must  be  the  range  of  the  bellows? 

626.  What  should  be  the  focal  length  of  a  lens  placed  8.5  in.  from  the 
tive  plate  in  order  to  photograph  an  object  3  ft.  distant? 

627.  Wlmt  focAl  length  hnis  must  be  used  in  a  camera  in  order  to  take 
10  cm.  picture  of  a  20  m.  building  at  a  distmict;  of  30  m.? 

628.  In  the  prececling  problem  whiit  would  l>e  the  size  of  the  picture 
a  lens  of  10  em.  focal  length  were  used?     20  ['in.  fncal  length? 

629.  A  tree  5  m.  high  and  40  ni.  distant  is  photogniphed  by  means  of  a 
imera  provided  with  an  <.il.)JL"ctive  of  20  cm.  focal  length.     What  will  be 

height  of  tha  image? 

630.  What  is  the  largest  siae  object  at  a  distance  of  30  ft.  that  can  be 
tographed  on  a  1 X5  in.  plate  with  a  lens  of  7  in.  focal  length?     What 

luld  be  the  effect  of  using  a  lens  of  larger  diameter  and  the  sjime  focal 

igth? 

631.  The  focal  length  of  a  certain  lens  is  10  cm.  and  the  index  of  refrac- 
n  with  reference  to  air,  uf  the  gla.ss  from  which  it  is  made,  is  J.     Deter- 

ine  the  focal  length  of  the  same  lens  immersed  in  water  whose  index  of 

rraction  with  respect  to  air  is  i. 

*"   ^T?.  VVTiat  must  be  the  focal  lenp^h  of  a  camera  lens  to  take  a  picture 

4  X5-in.  plate  of  an  object  (>()  ft.  sf]uare  at  a  distance  of  50  ft.? 

633.  A  camera  of  S  in.  focal  length  in  focalized  on  a  distant  object. 

*iiw  much  mu.st  the  bellows  be  Icngthene<l  to  make  a  picture  of  the  same 

['  as  a  small  object? 
634.  A  convex  lens  of  20  cm.  focal  length  is  plaoed  1^  cm,  from  aa 


object.    Wliere  will  the  image  Im*  formed?    Will  it  be  real  or  virtual? 
illustrate  by  diagmm. 

635.  A  distinct  image  of  tai  object  pla/'ed  12  in.  from  a  convex  Icosij! 
projected  on  a  pcreen  4  in.  from  the  lens.  At  what  distance  fn^m  the  lens 
would  the  image  be  formed  if  the  object  were  placed  6  in.  farther  away 
from  tliu  leiii*? 

636.  The  lens  in  a  camera  ha8  a  foc^l  longUi  of  15  in.  How  far  from 
the  len.s  must  an  object  be  placed  in  order  tlmt  a  clearly  defined  iina^^fif  it 
may  l>e  thn^wn  on  a  sensitive  |)late  which  is  1(3  in.  from  the  lent?. 

637.  A  t^harp  image  is  formed  on  the  gnjund  glass  of  a  camera  whpii 
the  oijjeet  is  500  ft.  distant  from  the  camera  and  the  ground  rIiias  is  6  in. 
from  ttic  lens.  What  must  be  the  distance  Iwtwecn  the  ground  ghtss  and 
the  lens  for  a  sharp  image  to  l>e  fcinned  of  an  object  20  ft.  distant? 

638.  The  focal  length  of  a  convex  lens  is  1;)  cm.  An  object  2  cm.  long 
is  situated  10  cm.  fn>m  the  lens,  (o)  Is  the  image  real  or  imaginnry? 
(6)  How  far  is  the  image  from  the  lens?     (c)  What  Ls  tlie  siw?  of  the  imncc? 

639.  The  image  of  an  object  5  cm.  long,  plac^  20  cm.  from  a  [eni<,  is 
found  to  he  inverted  at  a  distance  of  15  cm.  fnmi  the  lens.  Is  the  ma.^ 
real  ht  virtual?  Is  this  len.s  convex  or  concave?  Compute  the  f(«al 
length  of  the  lens  and  the  length  of  the  image. 

640.  It  is  desirefl  to  foralize  the  image  of  an  electric  are  on  a  sciwn 
12  ft.  from  the  light  and  the  image  id  to  l>e  three  times  as  large  us  tba 
object.  State  the  kind  nnd  find  the  focal  length  of  a  lens  which  will 
accomplish  the  result. 

641.  The  principal  focal  length  of  the  objective  of  the  g^reat  tele* 
scojje  of  the  Lick  Ob.serx'atory  is  1500  cm.  Find  the  focal  length  of  an 
eyepiece  that  will  make  the  instniment  have  a  magnifv-ing  power  of  '^^ 
when  the  ol^server's  eye  is  accfimmodated  for  m<"»st  ea.'*y  vision. 

642.  The  objective  of  the  great  tele-scupe  of  the  Lick  Oljservatorj'  i? 
1500  cm.  in  focal  length.  The  sun  subtends  at  the  earth  an  angle  of  baU 
a  degree.  Find  the  linear  <iiaineter  of  the  image  of  the  sun  formed  I'v 
light  that  ha»  traveri*e<l  the  Lick  telescope  objective.  • 

643.  When  a  certain  laniera  is  focalized  nn  a  very  distant  object,  it 
is  found  thut  the  [»late  litus  to  l>e  placed  9  in.  from  the  lens,  (a)  MuHt  ih'^ 
distance  Ixitween  the  plate  and  the  lens  be  increased  or  decnja-sed,  and  l>.v 
how  much,  to  give  a  sharp  image  of  an  object  G  ft.  from  the  lens?  [h) 
If  the  object,  which  is  6  ft.  away,  is  14  in,  high,  what  will  be  the  height 
of  the  picture? 

644.  The  f«x'al  length  of  a  camera  lens  ia  20  cm.  How  far  from  ll»e 
lens  must  a  sensitizefl  plate  lie  placed  when  the  object  is  200  cm.  from  the 
lens?    Make  a  diagram  locating  positions  of  object,  inuige,  and  lens. 
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Rat  Diagrams  foh  Lenses  and  Lens  Ststebcs 

Directions  for  Graphical  Constructions. — Ail  diagrams  are  to  be 
carefully  constructed  with  instruments  and  the  various  points  and  dis- 
tances clearly  indicated. 

Unless  otherwise  required,  light  is  to  proceed  from  left  to  right,  and 
the  individual  lenses  constituting  a  system  are  to  be  numbered  consecu- 
tivdy.  For  the  first  lens,  the  principal  foci,  the  equivalent  points,  the 
principal  focal  length,  the  distance  between  object  and  lens,  and  the  dis- 
tance between  lens  and  image,  are  to  be  represented  by  the  symbols 
Fi  F'lt  E\  E'i,fi,  tti  and  vi,  respectively.  For  the  second  lens,  the 
same  quantities  are  to  be  represented  by  F2  f '2,  ^2  E'2,  /2,  U2  and  tf2, 
respectively.    Similarly  for  the  succeeding  lenses  of  the  system. 

The  equivalent  points  and  principal  foci  of  a  lens  system  are  to  be 
represented  by  the  symbols  E,  E',  and  F,  f ,,  respectively. 

Unless  otherwise  directed,  for  diagrams  on  paper  make  the  distance 
between  the  equivalent  planes  of  each  lens  three-sixteenths  inch,  and  for 
diagrams  on  the  blackboard  make  the  dLstancc  two  inches. 

Represent  an  object  by  a  heav>'  arrow,  an  aerial  object  by  a  heavy 
dotted  arrow,  a  real  image  by  a  light  arrow,  and  a  virtual  image  by  a  light 
dotted  arrow. 

When  an  instrument  is  focalized  for  most  easy  vision,  all  rays  from  a 
point  source  will  emerge  from  the  eye  lens  parallel  to  one  another.  In 
the  following  problems  when  an  instrument  is  said  to  be  focalized,  it  is 
to  be  understood  that  it  is  focalized  for  most  easy  vision. 

646.  Knowing  the  equivalent  planes  and  the  principal  focal  length 
of  a  positive  lens,  trace  through  the  lens  two  parallel  rays  inclined  to  the 
axis.  Also,  trace  through  the  lens  two  rays  from  a  point  beyond  the 
principal  focus.  Also,  trace  two  rays  from  a  point  nearer  the  lens  than 
the  principal  focus. 

646.  Knowing  the  equivalent  planes  and  the  principal  focal  length  of  a 
n^ative  lens,  trace  through  the  lens  two  parallel  rays  inclined  to  the  axis. 
Also,  trace  through  the  lens  two  rays  from  a  point  beyond  the  principal 
foeus.  Also,  trace  two  rays  from  a  point  nearer  the  lens  than  the  prin- 
cipal focus. 

647.  A  certain  microscopic  eyepiece  consists  of  a  field  lens  of  /i  =  2i  in. 
and  an  eye  lens  of /s » 1}  in.,  the  distance  between  the  lenses  being  2}  in. 
Locate  graphically  the  equivalent  points  and  the  principal  foci  of  the 
combination.     (Draw  to  scale.    The  drawing  will  be  about  10  in.  long.) 
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648.  The  prinripul  focal  lengths  of  the  objective  and  of  the  p>'i 
of  a  certain  microscope  are  1  and  2}  in.  respectively;    the  distance  between 


«i 
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Fiw.  592. 


the  tensefi  is  5}  in.    From  a  point  }  in.  alxive  the  principal  axis  audi] 
in.  in  front  of  the  objective,  trace  two  rays  through  the  systein. 

649.  Tim  High  a  Raniwlcn  eyepiece  tnice  (wo  niys  incident  on  the 
field  lens  pHrallel  to  the  principal  axis.     J»c^te  grajihically  the  principi^| 
foci  of  the  sv-^tem.  ^^ 

660.  The  component^t  of  a  certain  Hamsdeii  eyepiece  have  a  princi{Mil 


Fio.  503. 

focal  length  of  6  in.    Determine  graphically  the  equivalent  points 
alsi>  the  principal  focal  length  of  Iho  combination. 

661.  The  principal  focal  length  of  the  field  lens  and  of  the  eye-lens 
certain  Huyghens  eyepiece  ai'e  3  ia.  and  1  in.  respectively.     Determine 


^^ 


Fio.  5M. 


4 


graphically  the  equivalent  points  and  also  the  principal  focaJ  length  of 
combination. 

652.  The  princij>al  focal  lengths  of  tJie  ot»]ective  and  the  eye-lenf*  of  i 
certain  o|X'nv  glass  are  20  cm.  and  .t  cm.,  resjx>clively.     Dniw  a  diagi 
giving  iliincnsinn>*.  ^ihnwing  how  the  Icn.'^es  n>ust  be  placed  so  that 
fr<»m  a  .star  will  emerge  parallel.     Trace  through  the. combination  tvo  raj 
that  are  parallel  U>  one  another  and  inclined  to  the  principal  axis  of  tl 
aystera. 


between  thr  Ipnsos  is  2J  in.  From  a  point  I  bi.  nlmvv  thr  principal  axis 
and  6  in.  in  front  of  the  o!>jf»otivo,  trace  two  raya  tlirou^li  the  syslom. 

664.  Constnirt  a  ray  diagram  of  a  simple  a-strononiirul  trlowpopc 
focalized  for  m<»st  eiwy  vision.  On  the  diaRram  indicate  the  litnit  of  the 
field  of  view. 

666.  Tlie  principjil  fncjil  Umij^IIih  of  the  objective  and  of  the  eve-lena 
of  i\  rertain  simple  a.stron*Knirnl  k'le^coI>e  are  2  and  J  in.^  resjx*ctrvely; 
the  dbttanoe  between  the  lenses  is  3}  in.     From  a  point  1  in.  above  the 


It 


n 
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Fig.  590. 

principal  axis  and  6  in.  in  front  of  the  objective,  trace  two  rays  through 
the  s>*stem. 

666.  In  a  twxnleas  astronomical  telescope,  when  focaJiased  for  a  plane 
wave,  the  positive  objective  and  the  jj<j?<i!ive  ocular  are  separated  by  a 
distance  equal  to  the  sum  of  their  focal  lengths.  Assuming  the  jKwition 
of  the  equivalent  points  and  principal  foci  of  objective  and  ocular,  trace 
raj's  of  light  thnuigh  such  a  telescope  showing  the  position  of  the  image  of 
an  object  at  an  inlinite  distance. 

667,  Convex  lensex  of  princifMil  focal  lengths  25  cm.  and  1.5  cm., 
respectively,  are  to  !>c  u.sed  in  the  construction  of  a  simple  a.stroiiomical 
telescope.  Draw  a  diagram,  giving  dimensions,  which  will  show  the 
relative  inj^^itions  oi  tlicj^e  lenses  and  the  cross  wires  when  the  lelescoix;  is 
focalized  for  infinity.  Also  diagram  the  passage  of  a  pencil  of  ptu-ailel 
rays  through  the  lenses  and  calculate  the  magnifying  power  of  the  tele- 


668.  Diagram  a  simple  astronomical  telescope  focalized  for  an  object 
at  a  finite  distance,  and  tnice  througli  the  telescoix;  two  rays  fron»  a  point 
on  the  object.  Show  the  pfjsition  that  cross-wires  would  need  to  be  placed. 
Show  the  position  that  a  slop  would  need  to  be  placed  to  diminish  the 
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field  of  view  (he  least  amount.  \Mmt  is  the  length  of  this  telesco| 
when  foculized  for  an  object,  al  iiifiml**  (iislantv? 

669.  Construct  a  my  diannini  itf  a  Huygheiw  c>'epiece  focalized  f( 
most  (ru.s,v  vit«it»n. 

660.  The  principal  foeal  Icng^ths  of  the  individual  lenses  of  an  a^ti 
nomical  telescope  with  Huygliens  eyepiece  are,  beginning  ut  the  objectivi 


IE 
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Flu.  507. 

2,  1  J,  and  f  in.,  respectively;  the  dii<tances  between  the  lenseH,  beginmiiK 
at  the  objective,  arc  'ix's  ami  Ij  in.,  respectively.     From  a  point  !  i 
above  the  principal  axis  and  0  in.  in  front  of  (he  objective,  trace  (wo  ra 
(iirough  the  sy.stem. 

661.  Thrrpujsh  a  Huyghena  eyepiece  in  wliich  the  principal  fi 
lenirtli  nf  tJiR  field  lens  is  three  time*  (hat  of  the  eye  IcnH,  trace  Iwo  ra; 
that  nrv.  pnnillel  t>n  enicrgenco.  Find  analytically  the  punitiim  i>f  t 
field  lens  with  rc^iiH^ft  U)  the  iieriiU  object  duo  U)  light  thai  ha^  traven* 
an  tiijJMtivc  lens. 

662.  Through  a  Huyghens  eyepiece  in  which  the  principal  I 
length  nf  thr  field  lens  in  two  times  that  of  the  eye  len.s,  trace  two  ra; 
tliat  arp  parallfl  on  emcrgenco.  Find  annlytkatiy  the  pusition  of  the  fidi 
lens  with  respect  to  tlic  aerial  object  due  to  light  that  has  traversed 
objective  lens. 

663.  Diagram  an  lu^^tronomical  telescope  provided  with  a  Huyghensej'P 
piece  wlicti  fin-alizcd  for  an  object  at  ii  finite  distance,  and  trace  through 
the  t-plpscri]H*  two  rays  frntn  u  point  on  the  object.     Show  the  p<i?iiti 
that  cros.s-wircii  woukl  iiootl  to  be  placed.     Show  the  position  that  a  st 
would  need  to  be  placed  to  diminish  U»e  field  of  view  the  least  amotml 
What  is  the  length  of  the  telescope  when  focalized  on  an  object  at  infiuit 
distance? 

664.  The  principal  fucal  lengths  of  the  individual  lenses  of  an  ast 
nomical  telescoiMj  with  Ramsden's  eyepiece  are,  beginning  at  the  obj 
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live,  2,  f  and  }  in.,  respectively;  the  distances  between  the  lenses, 
b^linning  at  the  objective,  are  3/3  and  ^-j  in.  From  a  point  1  in.  above 
the  principal  axis  and  6  in.  in  front  of  the  objective,  trace  two  rays  through 
the  system. 

665.  Diagram  an  a.stronomical  telescope  provided  with  a  Uamsden 
eyepiece  wlien  focalized  for  an  object  at  a  finite  distance,  and  trace  through 
the  teiescoi)e  two  rays  from  a  point  oti  tlie  object.  Show  the  i><>sition 
that  cnisii-wirert  would  need  to  be  placed.  Show  the  position  that  a 
stop  would  need  to  be  placed  in  order  to  diminish  the  field  of  view  the 
least  amount.  What  i.s  the  length  of  this  telescope  wlien  focnlizetl 
for  an  object  at  infinite  distance? 

666.  A  simple  itstrononiifal  telescope  huviug  an  objective  of  pnncipal 
focal  length  30  cm.  is  to  be  pnnjded  with  a  ltani>?dcn  eyepiece,  the  fiukl 
lens  of  which  in  of  principal  fociil  leni;{b  0  cm.  What  must  l>c  the  prin- 
ciptd  focal  leii^tli  <>(  the  eye  lens?  Draw  u  diagrammatic  sketch  giving 
dimensiotis,  which  wilt  show  Ihf  rektive  position.s  of  lenses,  cross-wires, 
TMVs  and  images  fur  a  dislunt  object. 

867.  An  astnmomical  telescope,  the  objective  of  which  has  a  focal 
leiigth  of  25  era.,  i?  to  be  provided  with  a  Ranisden  eyepiece.  A  lena  of 
focal  length  5  cm.  is  ftvailablr  for  us(*ft.s  the  field  leii,s.  Wliat  must  be  the 
focal  length  of  a  lens  thjst  could  t>e  enipliypd  as  the  eye-lens?  Draw  a 
diagram  showing  the  po.^ition  of  lenses  and  cross-wires.  Alwj  trace 
through  the  telesco^w  iwirallel  raya  ii»cident  on  the  objective  in  a  direc- 
tion incliriwi  to  the  priiicii>al  axis  at  nn  angle  of  nlxmt  10°. 

668.  I^ray  a  ray  diagnon  of  a  fuur-lens  erecting  eyepiece  for  most  easy 
vision 

669.  The  principal  fucal  lengths  of  the  individual  louse's  of  a  terrestrial 
telesco|x*  with  a  IUi\  ghcus  eyepiece  arc,  bei;iniiing  at  the  objective,  2,  2,  2, 
li  and  i  in.,  respectively.    The  distance  between  the  lenses,  beginning  at 
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the  objective,  are  5,  2.  IgV  and  IJ  in.  respectively.  From  a  jwint  1  in. 
above  the  principal  axis  ami  0  in.  in  front  of  the  objective,  trace  two  rayv 
through  the  s>Tstem.  (If  drawu  full  scale,  the  diagram  will  be  about 
18  in.  long.) 

670.  The  pnncipal  focal  lengths  uf  tlie  individual  lenses  of  a  terre.^ 
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trial  telescope  wjith  Raniadrn'a  eyepieop  are,   lieginning  at  the  objective, 
2,  2,  2,  {,  and  f  ii».,  reapeclively;   the  distAUce  between  the  leases,  begin- 


a 


l-I^ 


Fig.  000. 

aing  at  the  objective,  are  5,  2,  2A  and  VV  in-,  respectively.     From  a  p«jini 
1  ill.  above  the  principal  axis  and  6  in.  in  front  of  the  objective,  trace  li 
ra\^  thniugh  the  system.     (If  drawn  full  scale,  the  diagram  will  be  a  oi 
18  in.  lung.) 

671.  Diagram  a  terrestriiil  telescope  consisting  of  an  objective, 
|)air  of  erecting  lenses^  and  a  .simpit?  eye  lens  when  foc^ilizeil  for  an  obj< 
at  a  finite  dislance.  Trace  thnnmli  Lho  j^yHlcni  two  rays  of  It^ht  fnm» 
jKiint  on  the  (ibjeci.  Show  th**  pdsilion  nf  th*^  crostt  hairs,  and  the  p«»sili< 
that  a  stop  would  need  to  be  placed  tu  reduce  the  field  of  view  by  the  t 
amount. 

672.  Diagram  a  terrestrial  telescope  consisting  of  an  objective,  a 
of  erecting  le^^<es  an<l  a  Rarii'^chMi  eyepiece,  when  focalized  for  an  obji 
at  a  finite  tlislance.     Truce  thinugh  the  system  twu  rays  of  light  fnini 
point  on  the  ol>jecl.     Slutw  the  position  of  the  cross-hairs,  and  the  pc»f 
tion  that  a  stop  would  need  in  be  placed  to  reduce  the  field  of  view  by  (he 
least  amount. 

673.  Diagram  a  terrestrial  telescope  consisting  of  an  objective,  a  pi 
of  erecting  lenses  and  a  Huyghens  eyepiece  (3  to  1  combination),  wh 
focalized  un  an  oljject  at  a  finite  distance.  Trace  through  the  system  V 
rays  of  light  from  a  point  on  the  (.)bject.  Sliow  the  position  of  the  ci 
hairs,  aiul  the  |x>sition  that  a  stiip  would  be  pluce<i  to  reduce  the  6eld 
view  by  the  lpa.st  amount. 

674.  Diagram  a  terrestrial  telescope  consisting  of  an  objective,  a 
of  erecting  lenses  and  a  Huyghens  eyei>iece  (2  to  1  combination),  wh< 
focalized  on  an  oliject  at  a  finite  distance.     Trace  through  the  system  two 
nij's  (if  lij^ht  fnim  a  ]xiint  on  the  object.     Show  the  position  of  cross-haii 
and  the  position  liiat  a  sU>p  would  need  to  lie  placed  t-o  retluce  the  fid 
view  by  the  least  amount. 

Optical  Insthcmrni^ 

676.  A  certain  near-sighted  person  can  see  distinctly  an  object  whi 
it  is  not  more  than  15  cm,  from  the  eye.    Find  tJie  power,  in  diopters,  ofi 


i 


spectacle  lens  which  will  enable  him  to  see  distinctly  an  object  300  cm. 
from  the  eye. 

676.  A  certain  far-slght.e<J  peition  can  see  clistinclly  an  object  when  it 
\s  not  lesss  than  ItX)  cm.  frum  the  eye.  Find  the  powor,  iti  diopters,  of  a 
spectacle  \eus  whicli  wilt  enable  him  to  see  distinctly  an  object  25  cm.  from 
the  eye. 

677.  If  a  photographic  print  can  be  made  in  30  sec.  when  held  3  ft. 
frutn  n  32-cnn<tle-ptnver  hmip,  liuw  long  will  it  take  at  a  distance  of  2  ft. 
fmni  a  ItJHtrtndle-power  lump? 

678.  If  with  a  stop  of/:  11.3  the  timeof  expoHureis  O.Ol  sec.,  what  will 
\)e  ti»c  time  <>f  i-xfMJsiire  ff»r  a  stop  of/:  32? 

679.  If  a  certain  plate  requirets  an  exposure  of  0,02  sec.,  at  stop/  :  16 
what  would  be  the  time  of  exposure  under  the  »aiue  light  conditiuiia  for 
(a)/:  :J2.  [h)  r.>S.  32? 

680.  For  exintinR  light  conditions  an  exposure  table  gives  0.04  sec., 
as  the  time  of  i'X(MWMre  at  wtop  /  ;  32.  The  object  is  moving  so  that  to 
prevent  blurring  (he  exjxisure  must  not  exceed  0.01  sec.  Find  the 
required  stop  in  the/ system  and  in  the  uniform  system. 

681.  vV-sKume  »  Galileiin  t^^lesrop^  comp*>secl  of  two  symmetrical 
lenses  of  principal  focal  lengths  2n  and  5  cm.,  rer*i^ectively,  and  of  thick- 
riesfl  I.S  and  0.9,  respectively.  Find  the  dlKtiiiicc  l>etwecn  the  center  of 
Ihea^c  lonsew  when  the  teUvcojie  is  ffKyiliK^^l  nti  an  object  distiuit  150.3 
cm.  fn)m  tlic  eent-er  of  the  objective.  Sketch  the  optical  system  indicating 
the  varions  dj.stannes. 

682.  The  principal  focal  lengths  of  the  oljjective  and  of  the  eye- 
lent*  of  a  simple  ftstrononurid  telescope  nre  '25  and  .5  cm.,  respectively. 
The  lensft?  are  syrnnietricji!  double  convex  and  of  thickness  1.8  and  0.9 
cm.,  respectively.  Find  aniilyticidly  the  relative  position  of  the  lenses 
and  cn>ss-wires  when  the  iristnimcnt  is  focalized  for  n  di.stance  of  100.3  cm. 
fnim  the  center  of  the  objective.  Sketch  the  optical  !;\'>^tem  indicating 
the  varions  distances. 

683.  An  aj^tniuomica!  telescope  has  an  objective  of  principal  focal 
length  35  cm.  rmd  thickness  2.4  cm.,  and  a  Huyghens  ej-epiece  the  eye- 
lens  of  which  has  a  principal  foea!  length  of  6  cm.  and  thickness  of  0.9  cm., 
and  the  field  lens  uf  wlntli  ha.H  a  principal  focal  length  of  IS  cm.  and  thick- 
ness 1.5  cm.  C'ompuU.'  tlic  distiince  Tjetween  the  centers  of  the  lenses 
when  the  telescope  is  focalized  for  an  object  200.4  cm.  from  the  center  of 
the  objective. 

684.  .An  astronomical  telescope  has  an  objective  of  principal  focal 
length  30  cm.  and  thickness  2.4  cm.,  and  a  Ranisden  eyepiet'C  each  lens  of 
which  has  a  principal  focal  length  of  5  cm.  and  thickness  of  0.9  cm.     Find 
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analytically  the  difitanoe  between  the  center  of  the  objective  and  the  field^ 
lens  when  the  telescope  is  focalized  for  an  object  300.4  cm.  from  the  cent«i^| 
of  the  objective. 

686.  A  telescope  has  an  ubjeclive  of  23j  in.  principal  focal  length,  and 
an  erecting  eyepiece  composed  of  fvmr  lenses,  a**  follows,  reading  toward 
the  eye-lens;  2,  l},  i},  and  1]  iu.,  H'ith  sepanitions  of  2^,  4,  and  2  in. 
Compute  the  distance  from  the  objective  to  the  first  lens  of  the  eyepiece, 
and  trace  through  the  Rystem  two  rays  from  a  point  at  infinity  when  the 
telesc(»pe  is  fr»cjilized  for  most  ea.^y  vision. 

Suggestion: — As  the  eyepiece  moves  as  a  unit  relative  to  the  obj 
ivc,  find  the  focus  of  the  eyepiece  nnulx'tically.  beginning  at  the  ey&-le 
The  4irawing  will  l>e  about  12  in.  long  if  drawn  t.n  one-quarter  scale 

686.  A  certfiii)  Ifrrestrial  telescope  comprises  five  positive  lenses 
princii>al  focal  lengths  30,  15,  15,  9  and  3  cm.  respectively,  and  of  th 
ncAs  1.8,  1.5,  1,5,  1.2,  and  0.6,  respectively.  Cnmpute  the  distance  from 
the  objective  t^  each  of  the  other  lenses,  and  to  the  real  image,  when  the 
instrument  is  focalized  for  an  object  dii*tant  500  cm.  from  the  objective. 
Construct  a  diagram  (not  necessarily  to  scale)  of  the  optical  system  with 
distances  indicated.  ^^ 

687.  The  principal  foral  lengths  of  the  lenses  of  a  certain  teleeoopi^l 
banning  with   the   objective,   are   48  cm.,  3.8  cm.,  4.75  cm.,  4.C  cm., 
3.0  cm.,  respectively.     The  distances  between  the  .*»econd  and  third  len»< 

is  5.8  cm.,  between  the  third  and  fourth  is  10.2  cm.,  and  betwtien  the 
fourth  and  fifth  is  5  cm.     Compute  the  distance  l>etween  the  first 
second  lens  when  the  instrument  is  focalized  for  most  easy  \'isioc  on 
object  at  infuiily.     Trace  through  the  iii.Htrument  two  raj's  from  a  poin 
at  infinity  when  th**  iiistnitnent  Is  adjusted  frir  most  eivy  vision. 

Su^ECfition : — As  the  eyepiece  moves  as  a  unit  relative  to  the  objective, 
find  the  fo<^uH  of  the  eyepiece  analytically,  beginning  at  the  eye-lens,     T 
drawitig  will  be  about  20  in.  long  if  drawn  to  one-half  scale. 
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ANSWERS 

a.  2fio  lb.  wt. 

36.  3  ft.  from  A. 

4.  2000  lb.  wt. 

37.  (a)  2  ft.;  (6)7ift. 

6.  300  ft.-lb. 

88.  Sib.  wt.;  161b  wt. 

6.  61.0  per  ceat. 

39.  96Jlb.wt.;     731  lb.  wt. 

7.  12  ft. 

40.  54  kg.  wt. 

8.  17,400,000  ft.-lb. 

41.  30.4  kg.  wt.;  42.4  kg.  wt. 

9.  720,000  ft.-lb. 

42.  1  ft. 

10.  109,800,000  ft.-lb. 

43.  0.33  In.  from  junction. 

U.  119,500,000  ft.-lb. 

4t.  1281b.  wt.;   132  lb.  wt. 

12.  625,000  ft.-lb. 

46.  95.3lb.wt  ;  about  27', 

18.  12,124  ft.-lb. 

46.  1500  Ib.  wt. 

14.  2105  ft.-lb. 

47.  2v^   lb    wt    toward  center  of 

IB.  (*i)  20,f>l)O  ft.-lb.;  (fe)  flfl.OOO  ft.-Jb, 

triangle.                                            M 

16.  fa)  20,CKM)  ft.-lli,;  (h)  (iOOO  fl,-lb. 

48.  1500  lb.  wt.                                   •       M 

17.  (a)  8;    ib)  7.1;    (r)  0.89. 

48.  76  9  lb.  wt.                                 ^^M 

'       18.  3600  1b.  wt 

60.  10  1b.  wt.                                    ^^1 

10.  Glb.wl  :   125  ft 

61.  3  00  lb.  wt.                                  ^^1 

90.  Id  8  kg.  wt.                                       i 

181  Ib.  wt.                                   ^^1 

21.  81*  60'. 

63.  115lb.wt.                                   ^^1 

S3.  37.5  lb-,  wt. 

64.  319lb.wt.                                  ^H 

S3,  i  the  length  of  the  beam. 

66.  43.3  lb.  wt.                                  ^H 

M.  31  25  c-m.  from  the  end. 

66.  800  lb.  wt  up  the  incline.          ^^H 

S8.  70  Ib,  wt.;  30  lb.  wt. 

^H 

26.  3  ft. 

68.  14                                                 ^H 

27.  1501b.  wt.;  250  1b.  wt. 

69.  231  kg.  wt.;  116  kg.  wt.           ^H 

28.  30  kg.  wt. 

60.  14.4  lb.  wt.;   12  9  kg.  wt.          ^^H 

29.  2|ft.  fromB;  GOOlb.wt. 

61,  82.7  Ib.  wt.;   1X7  lb.  wt.            ^B 

30.  150  1b.  wt.;  3.7  ft. 

62.  144  kg.  wt.;  72.1  kg  wt. 

31.  1501b  wt. 

68.  75  kg.  wt.;  53  kg.  wt.;  106  kg. 

32.  4  8ft  fromB. 

wt.;  53  kg.  wt. 

33.  18  ft.  from  overhanging  end. 

64.  75  kg  wt. 

34.  97.5  lb.  wt. 

66.  22.5  lb  wt.;  22  5  lb.  wt. 

36.  (o)  8J  lb.  wt.  upward;  (b)  SO  lb. 

66.  02  Ib.  wt. 

wt.  upward  at  the  center. 

67.  78.11b.  wt.;   46.9  lb.  wt. 

7 

11 

■                                                             AN8WKRH                                            ^^H 

■            68  31.2  kg   wt  ;    18.7  kg.  wt.;   25 

103.  8''40'.                                ^^H 

■                     kg  wt 

104.  1961b  wt.                           ^^^1 

■             80.  (a)  358  Ih  wt.:   (b)  260  lb.  wt.; 

105.  9156  lb.  wt.                         ^^H 

■                       (c)  100  lb  wt. 

106.  3.Ston»wt.;   13  9  tons  wt       ^H 

H            70.  (o)  1572 lb.  wl.;  (h)  I6721b.wt. 

107.  014  lb   wt.;    1554  lb.  wt.;   OlM 

■                     U*;    (c)  1543  lb.  wt.,  300  lb. 

lb  wt.                                   ■ 

H              wt. 

108.  108,000  lb.  wt. 

■             71.  29  kg.  wt.;    10.5  kg.  wt.;   25.1 

109.  (ft)  1.2  sor.;  fM  565  r4&.  per  asr 

B                       kg  wt. 

110.  8  ft.  per  sec.  per  see.  downward. 

■             73.   KiOlb  wt.;  1501b  wt.;  1301b. 

111.  '20  8  lb.  wt. 

H 

113.  S  ft.  per  sec.  per  sec.  downwnrd. 

■             78.  141b. wt.;  1001b  wt;  141b. wt. 

113.  H  ft.  per  sec.  per  sec.  upwudj^ 

K             74.  2.81b.  wt.:  2.K)b.  wt. 

36  ft.                                       S 

B             76.  975  lb.  wt.;    562  lb.  wt.;    844 

114.  52  kg.  wt.;  98  kg  wt.                fl 

B                     lb.  wt. 

116.  115  1b.  wt.;  0.                            ^M 

B             76.  (a)  8100  lb  wt.;   (6)  &525lb.  wt. 

116.  5.6  ft  i>er  sec.  per  sec.               ^| 

B              77.  200  1b   wt 

117.  3000   kg    wt.;    6061   kg.  wt.  M 

B             78.  404  kg-Di. 

118.  (a)   140  cm.  por  see.  per  Bee^| 

B             79.  251b  wt  ;  431b  wt. 

(6)  i:^H  (UP)  dynes.                V 

B             80.  60  kg  wt.;  17  3  kg  wt.;  0  288. 

119.  (a)  15  ft.   i>cr  sec.  p«r  sec.; 

B             81.  45  kg  wt.;  U.5. 

(b)  10  5  lb.  wt. 

B              ^-  I3,'m)  lb  wt. 

130.  329 g.;  314g.wf.                      <H 

B              83.  3840  lb.  wt. 

131.  6.29  tons  wt.;  419  tonH  «rt.     H 

B              84.  92  lb  wt. 

123.  300  lb.  wt.;  0.015.                    ^M 

B             86.  2  triple  pulley  blocks;   355  lb. 

133.  127  ft.                                         ^M 

B 

124.  :i2S0  g.  wt..                           ^^B 

B              86.  5  9  sec. 

126.  0.09  radiniis  per  sec.          ^^^^M 

B              87.  9(18  ft. 

126.  1270                                    ^^H 

B             88.   101  ft.:  80  5  ft  per  HfH- 

127.  24.8  cm                                 ^^^| 

B             89.  0  002  Hec-  ;   37.5.000  m.  per  aec. 

128.  18.7  lb.  wt.                          ^^H 

H                       por  see. 

129.  1  79  radians  per  sec.          ^^^B 

B             90.  0.14  sec. 

130.  18  4  1b.wt                           ^^H 

B             91.  0.05  sec. 

131.  18  ft.  per  sec                    ^^^| 

B              82.  (a)  1176cm. pcrBCc.;(b)176.4m. 

133.  2                                          ^^^1 

B              93.  62,200  lb.  wt. 

133.  60.5  tons  wt.;   7*'.              ^^^| 

B               94.  20  rt.  perHPr  ;   KKI  ft. 

134.  3  8  in.                                ^^H 

B              96.  2,940,000  dyiies. . 

136.  4r                                 ^^H 

B              96.  32  lb. 

136.  96S  lb.  wt  ;  25*"  51'.         ^^^| 

■               97.  1.^58  ft. 

137.  10.5  rndiunfl  per  sec.          ^^^B 

B              96.  8  ft.  per  soc. 

138.  80  pm.  per  sec;  13°  36' 27"  r^J^f 

B              99.  12  5  sec. 

of  north.                               ^^1 

■             100.  1200  lb.  wt. 

139.  15.000  lb.  wt.                             H 

■             101.  25ton8wt. 

140.  15  mi.  per  br.                             ^M 

B           103.  3  tons  wt. 

141.  1  H.P.                                ^^B 

^^C 
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142. 

77  HP. 

183.  4801b  wt 

143. 

1  44  HP. 

184.  12.8t)lMb   wt. 

144. 

SSBftlB. 

185.  (a)  6910  g.   wt.;    (h)  12,400  g. 

146. 

0.28  ft. 

wt. 

146. 

75  1b  wt.. 

186.  31S0Ib.  wt. 

147. 

4lHK:«*0ft..-!lw.;   I  H.P. 

187.  429  ft. 

148. 

•2'2()0  lb.  wt. 

188.  2.8  mm. 

149. 

(i2,,T00  lb  wt. 

189.  16.6  cm. 

UO. 

i:v20  lb. 

190.  62..500  lb.  wt.. 

151. 

0.04  HP. 

191.  (a)  20.6  mm.;  (b)  3S.9  mm. 

16a. 

1H«   kg.-m    per   aec.;    0.025 

192.  3200  1b.  wt.pcrsq   ft. 

HP:   IS4  wiilU. 

193.  17.3  1b   wt  fKTBq,  in. 

163. 

249,000  fl.-lb.;    1.5  HP. 

194.  10.080  lb.  wt. 

164. 

I98,«HJIJ  lb. 

195.  8  to  5. 

166. 

100  lb.  per  sec. 

196.  8064  1b.  wt.;  04  in 

166. 

I.«<K),000ft.-lh.;  0  2  HP. 

197.  0.49  in. 

167. 

2.y  HP. 

198.  20.1  m 

168. 

49  5  HP 

199.  ?  of  voliimo  of  sphere. 

169. 

2l.*HX)ft-lb.;  7fi.H  P. 

200.  0.8;   413  1b.  wt. 

160. 

1705  HP. 

201.  0.228  g. 

161. 

«.S  (10»)  H.P. 

202.  1.12. 

162. 

l2,<MiOft..-lb.;   118  H.P. 

203.  IHOIb.  wt. 

163. 

H61  kg.  wt. 

204.   10  K.                                             I^B 

164. 

40S8  ft  -lb. 

215  lb.  wt.                                   ^^H 

166. 

0  17  HP. 

206.  1210  kg.  wt.                              ^^H 

166. 

3.75lh   w-t.. 

207.  5                                                ^^^H 

167. 

2,412,000  ft -lb.:  4825  lb.  wt 

208.  20  g.  wt.;  0.13.                    "  ^^M 

168. 

(a)  12.500  f(.-lb;   (6)  L-JOOft. 

209.  0.55.                                           ^^H 

169. 

:h2  ft. 

OS.  wt                                           ^^M 

170. 

102  HP. 

211.  :uyA  T.;  7.56  g.  per  cc.           ^^1 

171. 

(a)  fi4  HP;    (fc)  224  H.P.;  (c) 

212.  21  1  g                                         ^^M 

384  HP. 

213.  10.5                                           ^^H 

172. 

23  HP 

214.  fmOcu.ya                               ^^U 

178. 

0.7  HP. 

216.  14.                                                      V 

174. 

0  2  HP. 

S16.  lUHO  g.                                                ■ 

176. 

15  HP 

917.  133,000  ru.  ft.                                  I 

176. 

0  14  HP. 

318.  2.8  g  i>cr  cc.                             ^^^1 

177. 

100  HP. 

^^H 

178. 

(a)  5  3  H.P.;   {hi  10.6  H  P. 

220.  1»1  kg  wt.                               ^^H 

179. 

2100lb.-H. 

321.  m)  kg  wt.                                ^^1 

180. 

I86ft.-lb.  por  min. 

232.  70  2  g  .  6  6  g.                             ^^B 

181. 

(n)  720,001)  U  Ah.  jwr  min.;    <6) 

223.  1315  1b.                                              ■ 

22  HP. 

224.  784  joulcw.                                         ■ 

182. 

15.34MI  kg.  wt. 

236.  lt(8  kg.  m.                                      ■ 

■           714 
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^^^1 
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■           226. 

(o)     3183     lb.     per     sq.     in.; 

267.  285  vib.  per  sec. 

^H 

C6)  O.OOl  in. 

268.  280  vib.  per  sec. 

^^^1 

■            227. 

1.016  (10"*)  dynes  per  sq.  cm. 

269.  85  vib  per  sec. 

^^^1 

■            228. 

0  0245  sq.  cm 

970.  75  vib.  fwr  sec. 

^^^H 

■             229. 

0.098  cm. 

271.  (a)  130  vib.  per  sec;  (h) 

ffi^l^l 

■             230. 

riO/XM)  lb.  \HiT  sq.  in. 

per  sec. 

^H 

■             231. 

4.18  g.  per  cc. 

272.  (a)  70.4  vib.  per  see.; 

fr)3tH 

■             232. 

3*11  g,  per  cc. 

vib.  per  sec. 

^M 

■             233. 

lOOJ. 

278.  Co)  15;    (h)   16. 

^^ 

■             234. 

58.8  lb.  ijcr  sq.  in 

274.  18"  C;  39°  C. 

^^H 

■             236. 

44,7  lb.  per  sq,  in  ;    UUO  ru.  in. 

276.  39  2"  F. 

^^^^1 

■             236. 

2S13fl.-Ib. 

276.   -40^ 

'^^^1 

■             237. 

7iKiRal.:  .30  lb.  per  Bq.  in. 

2-/7.  a-jo-*  F. 

^^H 

■             238. 

3  ill  from  thf  vulvc. 

278.   172":  675°;  95";   ti40^ 

^^^^ 

■            239. 

y  to  1. 

279.  320*;      1021°;      412"; 

104r; 

■             240. 

306  ft. 

467":    l.'WO''. 

^m 

■             241. 

15.9  m. 

280.  44.8  (100)  cul. 

^^^M 

■             242. 

0.54  ccute. 

281.  1  to  0  452. 

^^^H 

■             243. 

5  atmo8. 

282.  0.03  to  U 

^^^H 

■            244. 

(o)633cu.  m.;  (M  500  kg.  wt.; 

288.  1(^  min. 

^^^H 

400  kg.  wt. 

284.  2126'  C. 

^^^1 

■            246. 

44.4  in.  per  sec. 

286.  0.55**  C. 

^^^H 

■             S46. 

3.8  sec. 

286.  3263  1. 

^^^H 

■             247. 

19.4  (I.  per  sec. 

287.  0.41  g 

H^l 

■             248. 

:iOH4  ft.-lb. 

288.  5.5(iKa1.  hot;   14  44  gal. 

o^3!!^| 

■ 

9.S5  cm.  piif  sec.  per  sec. 

289.  135r 

^H 

■            260. 

99.4  cm. 

290.  0.094. 

^H 

■             261. 

979  cm.  per  sec.  jwr  aec. 

291.  0425. 

^^^1 

■              262. 

45  vib. 

292.  m  g. 

^^^H 

K             263. 

4.43  ft. 

293.  2r. 

^^^H 

■             264. 

:«8()  ft. 

294.  .30.3  tonn. 

^^^H 

■             266. 

(a)  3200  ft.;  {M   10.300   fl,  per 

295.  30.S  g. 

^^^H 

sec. 

296.  Uenl.perg. 

^^^H 

I            266. 

120  cm. 

297.  26'1  kg. 

^^^^1 

■             267. 

1540  ft.  from  nearer  wall. 

298.  60.6  Btu  per  lb. 

^^^H 

■             268. 

27,50  ft. 

299.  80.2  cal.  per  g. 

^^^H 

■             269. 

7228  ft. 

300.  on 

^^^H 

■             200. 

(o)  r>40  vib.  per  bw.;  (b)  160  cm. 

301.  0  .505. 

^^^H 

m        261. 

1410  vib.  per  sec. 

302.  13.4°. 

^^^H 

■            262. 

4.7  sec. 

303.  38.5  g. 

^^^H 

■            »t3. 

2r2mi. 

304.  0.77. 

^^^H 

■             264. 

i:j3  cm. 

306.  1102  g. 

^^^H 

■'             266. 

1078  vib  per  sec. 

306.  1.198.000  cal. 

^^^H 

^^       266. 

138  vib.  per  see. 

307.  75.7^ 

1 
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^^H 
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244.490  cal,  p©r  Ih  ;   970  B  t.u. 

360.  01  lb.  per  sq.  in.                    ^^M 

por  lb. 

361.  to  57.2^                                 ^H 

309. 

37.1  g. 

362.  4027  cc.                                    ^H 

i     310. 

1.38  g. 

363.  2  93                                          ^H 

311. 

6.2B  lb 

354.  145.5^                                      ^H 

313. 

13.02  g.;  100^ 

366.  000366.                                    ^H 

313. 

2375  kg. 

366.  0.947  g.                                      ^H 

314. 
316. 

0.028  lb. 

367.  341                                            ^H 

1.170,000  B  t.u. 

858.  7.3  atmoB.                                ^H 

316. 

§0.07. 

369.  925  kg.                                     ^^M 

317. 

(a)     $7,68;     (ft)    $13.10;     (r) 

860.  1  to  1.02                                  ^H 

$5.93;  (d)  $.31. 

361.  9r.                                  ^H 

318. 

195^  C 

362.  1  to  0.57.                                  ^H 

319. 

H  2.')  cm 

363.  7290  cc.                                    ^H 

330. 

0.i)(XK)il3;  26.8^ 

364.  719  g                                          ^H 

321. 

122  ft. 

366.  Final  volume  «|  initial  volume.     1 

332. 

0.018  ft. 

366.  31  5  to  1                                             J 

323. 

(106  ft. 

867.  $iWim                                            J 

324. 

37  cm. 

368.  Pn>nr  7  piTcent.                     .^J 

32&. 

402^ 

369.  20  sec.                                        ^^M 

326. 

.'><  1.023  ft. 

370.  3K70  kg.                                   ^^M 

327. 

0025  ft. 

^H 

328. 

0  014  in. 

372.  S4.4  (10*)  col.                          ^^M 

329. 

190.5";   251.4  cm. 

373.  22..500cal.                               ^B 

330. 

(I  424  m 

874.  3  (10")  cal 

331. 

70.43  cm. 

876.  42{10*)cal.pprhr.;  Skg-ixrhr. 

332. 

20.5  Bee. 

876.  (a)     102.000     Bt  u.    per     hr.; 

333. 

10.4  g.  per  cc. 

(6)  $70.00. 

334. 

3470  gal. 

377.  23.4"  F. 

330. 

70.9  cm. 

378.  117°  F.                                  ^^ 

336. 

i.'iiie  cc. 

379.  21H>'  F.                                     ^H 

337. 

10024  cc. 

380.  6100  mt.                                   ^H 

338. 

0.0144  Hq.  ft. 

381.  7()5B.t.u.;  0.166  H.P.           ^H 

339. 

40.580  dynPH  per  sq.  rm. 

383.  l55^                                       ^H 

340. 

7  litprs. 

883.  S.O'^  C.                                   ^H 

341. 

307«. 

384.  3.53  m  per  sec.                        ^^| 

343. 

0.0019  g. 

386.  0.197  cal.;  0.6°  C.                   ^^M 

343. 

12.9  g. 

886.  13.5  H  P.                                  ■■ 

314. 

327^  C. 

887.  (a)   0.738   ft-!h.:     (h)   OOOOOf^ 

346. 

SOI  cm.  of  mercniry. 

B.t.u.;  (c)  0.238  cal.                     1 

346. 

:i7.5  gal. 

888.  57**  F.                                               A 

347 

93  5 cm.  of  mercury;  3180g.  wt. 

389.  00  HP.                                         M 

348. 

(^5  7  ft. 

890.  1770  g.                                            ■ 

1" 

1.06  V. 

891.  5°  F.                                       ^S 

3 
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I             392.  686  m. 

4SS.  0.8                                   ^^1 

■              393.  51  B.t.u. 

433.  0  39                                    ^^H 

■              394.  202,.3O0  ft. 

434.  25  4' C                               ^^H 

■              396.  SSOUP.;  26.8  lb. 

436.                                             ^^^H 

H              396.  S57,(KN)  ml.;   .'^00  B  t.u. 

436.                                             ^^^^1 

■              397.  (a)    2W5    B.t.u.    iwr    Iir.; 

437.  63  t<j  lUU.                           ^^H 

■                          (b)  (>41.000ca1.  iXTlir 

438.  1310  C.                               ^^H 

■             398.  (o)  1.34  H.P.;    (6)  3410  B.t.u. 

439.  85.5%.                               ^^H 

H                           per  hr. 

440.  SSAHtO  viil.                         ^^^1 

■             399.  85,900  cal. 

441.  20,0(X)  rat.                         ^^H 

H              400.  Electricity  costs  117  times  na 

442.  115  .'imp;  &56  kw            ^^H 

H                        much  as  gas. 

443.  900  jduK-.s;     216  ml   p^rr  rainl^| 

■              401.  (a)  4.7  coiit«;    (&)  24.3  cv<nt«. 

444.  3000  jniilrh;   .H59  itul  ;  2655  l^| 

■              409.  Coal,   SOfM;    gas,  $0.30;   eler- 

Ih  :  3.4  B.t.u.                        ^H 

■                         tricity.  $1.18. 

446.  5.^  amp.                                    ^H 

■              408.  26%. 

446.  210^000  ohms                            ^1 

■             404.  6i%. 

447.  0.072  ump.;  0.046 lunp.          ^M 

■             406.  19%;  4i%;  4}. 

448.  U1.7ohms.                                ^H 

■            406.  ;i33H.P.;  21%;  4.3%;  4.8. 

449.  0.6  ohm.                           ^^H 

■              407.  421  HP.;  22%;  4.6%;  4.8. 

460.  3160  ohms.                       ^^H 

■             408.  490  UP.;  22%;  4.7%;  4.7. 

461.                                             ^^^M 

■             409.   1.6  ohms. 

0.375  amp.                         ^^H 

H              410.  0.CMMKKJ159  ohm  per  cm.  cube. 

453.  17oeUs.                              ^^^| 

■              411.  0  0()0n:t7ohm. 

464.  0                                            ^^^H 

■              412.  4.9uhmH. 

ohms.                           ^^^1 

■             413.  90  ft. 

466.  7  r«ns                                 ^^H 

■             414.  857  m. 

467.  (n)  17.8  ohms:   CM -6  67  ohm^H 

■             416.  19.8  (10<)  m. 

468.  1.25ohQ]s.                                 ^1 

■             416.  5M  km. 

469.  60  ohms;  28.9  ohms                ^H 

■              417.  135  ycU. 

460.  0.80  volt;  OHovolt.                 ^M 

H             418.  5.41  ohmn. 

461.  (a)  0  00147  tmip.:   (6)78vol|^| 

H             419.  2  19  m. 

462.  (ft)  0.00275amp.;(&)68.7vDl^H 

B               420.  2445ohmi(. 

41.3  volts.                              ^H 

■              421.  479  nlm^. 

463.  1.6SvoI(.s.                                  ^M 

■              422.  36S..hma:  0.26  mil. 

464.  77.6  volts.                           ^^H 

■              423.  1000  ohms;    1212  ohms. 

ohms.                            ^^^1 

H              424.   -254)''C. 

466.  550  volts;  54gvolt«.         ^^^| 

■             426.  77  ohms. 

467.  0.474                                    ^^H 

■             426.  &5(rC. 

468.  20.8  volts.                           ^^H 

1              427.  0 1)0:W  ohm  per  *  C. 

469.  2  55  mi.                               ^^H 

1              428.  0.22  ohm. 

470.  1008  ohms;    600  iH>uJora^^^| 

■              429.  78'  C. 

inin.;  lO.OSO  volts.          ^^^| 

■              430.  5714  ral. 

471.  126  yah«.                          ^^H 

V             431.  25,2  ohms;  6.3  watta. 

52  oeUs.                            ^^M 

^^^^^^^^^^^^^■^^^^^^^^^^^^^^^^^H 
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^^to. 

6U.  58.8  kw.;  20.3  kw.                                 ^^B 

.  16.8  ohms. 

616.  954  HP.                                                           ^M 

.  (a)  10  volts;  (b)  7t4  rai. 

616.  Geucraior,    2    watts;     line,    50                    ^| 

.  1440aa«he8. 

watts;      charging    cells,     705                     ^H 

-  707  cal. 

watta.                                                              ^H 

,  (o)  204  voIU;  ib)  !88  volta. 

617.  604  mik.                                                            ^1 

.  639  cal. 

618.  61  lb.  per  hr.                                                 ^1 

.  222  volUi. 

619.  5:^5  conte.                                                     ^H 

.  60  volU. 

620.  2  18  cents;  208,000  .>aJ.                                  ^H 

.  2.81  wnttaperr.p. 

621.  ia]   1  to  4:  2.5inii].                                         ^H 

.  218  lampe. 

622.  65.5  kw.;    114  amp                                               ^M 

.  600watt«:  $0,036. 

523.  (a)  l.ltiohnis;    (6)  MCohmt                     ^M 

.  («)  7500  watU;   (6)  10  H.P. 

(r)  7  79o1iiiih;   (d)  140    hnu.                       ^M 

.  81.8%. 

634.  34.7  ohiuA.                                                         ^1 

.93%. 

626.  (a)  550  volts;   (b)  2.5  amp                      ^^H 

.  82.2%. 

626.  ia)  0.33  ump.;   (/))  1  5  amp.                    ^^H 

.  82.2%. 

627.  ra)  2.5  amp.;   (6)5  5wuttA.                     ^^^| 

.  75.4  amp. 

638.  8  cents.                                                            ^^M 

.  15.7  cal. 

639.  32  4  HP.                                                           ^1 

.  231  ra. 

630.  5000  amp.;  550  kw.;  737  HP.                       H 

.  frt)  0.66  kw.-hr  ;  566,000  cal. 

631.  0.2:^  1                                                                 ■ 

.  S5.28. 

632.  20   uhioK;    5  amp.    in   3(V-ohm                      ^H 

,  6  ccnt». 

wire;   4  amp.  iu  4.Wihrii  wire                          ^H 

,  4.4  cents. 

633.  110,    73.3,     55.0,     44  0    ohms;                      ^M 

.  ia)  0.81  kw.;  (6)  1.1  HP. 

1.0.  1.5,  2.0.  2.5 amp.                                      ■ 

,   (a)  220  ohm.'i;   (/>)  36  lamps. 

634.  3.8°  C.                                                                ^1 

.  (a)  122.5  kw.;    (h)  9S.lXHt  joules 

636.  4.6  ohms.                                                           ^^H 

per  flcc. 

636.  3.43  ohms;  6.64  volt  a                                       ^M 

,  0  3J»7ainp.;  314  ohms;  0.32  ct. 

637.  1.25  ohms;  8  amp.                                            ^B 

10  watm  per  sec;  3  to  1. 

688.  3.5   amp.;    0.833  amp.;    0.667                      ^M 

10,000  tu  1, 

amp.;  2  amp.                                                  ^^t 

T2  lamp;?;    1  12  amp. 

639.  (n)  0.55  amp.;   (^)  33.2  volts                            H 

9219  cal. 

640.  0.71   amp.;    0.079  amp.;    0.63                      ^M 

(o)    40  amp.;    (M    20  volta;   (c) 

amp.                                                                 ^H 

120  volts. 

641.  1  ohm.                                                                 ^M 

(a)  35  arnp.;    (6)  4W  voIU;    (rj 

642.  (a)  44  volta,  06  volta;    ^)  4.4                     ^M 

17,150  WHtU;   ifl)  89.4%. 

amp.,  4.4  amp.                                                ^H 

98.5%. 

643.  no  volts,  110  volt^;    11  amp.,                      ^M 

72%;  1.37  HP. 

7.33  amp;    18.3  amp.                                      ^M 

85%. 

644.  lamp.;  5.5  volts;  13.7  volta.                         ^M 

$791 .77. 

646.  0.2ump.;  0.14  amp.                                  ^^^M 

(fl)  20,66;   (/>)  $18.27. 

646.  21  1  ohms;  4  74  amp.                              ^^^H 

1  41  amp. 

647.  8.57  amp.  3.43  amp.;  17.1  yo\is;            ^^^H 

53  4  amp. 

1.43  ohms.                                              ^^^H 

^M 

^^r^^^B^^H 
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548.  0.3  amp.  in  lOohra  wire;    05 

681.         ohms.                         ^^^H 

amp.  ill  15-ohm  wire. 

682.  0.0501  ohm.                       ^^H 

649.  0.5  amp.;  0.66  ump. 

683.  /^^^8i?«.                            ^^H 

6S0.  2  iu  1 

684.  0.0606  ohm.                       4^^| 

661.  95.4  volt'*. 

686.  (a)    0.000833    amp.;     (b)    0.02 

662.  4.5  amp. 

amp. 

663.  0.75. 

686.  83,270  ohmn.                              H 

664.  (a)  250  watts;   (b)  1000  watta. 

687.  1  volt.                               ^^M 

666.  0.645 amp.;  6.45 amp. 

688.  0.00132  volt.                     ^^M 

66e.  9.69  volU. 

689.  0-0173  volt.                        ^^M 

667.  ^1=485  2       volta;     ^,=431.2 

690.  1040  g.  wt.                               ^M 

^^K                 volU;    £,»388     volts;    E^  = 

591.  9(>  vuli8.                                     ^M 

^^V                 35.5  6    voIIh;     £»»334    volt^; 

592.  1  2S6  000  maxwells.                 ^| 

■                        £.  =  323.2  volte. 

698.  (K)  fonductore. 

H            66S.  14  9  mill 

694.  Armature,  60  watta;    field,  SS^^ 

■            669.  0.303  k. 

watU;  friction  943  watta.     ^M 

■            660    0.149  amp. 

596.  5000dyne}<.                                   ^M 

■            661.  0.0386S  amp. 

596.  550  watta;   160  watta.               ^M 

■             662.  2.373  g. 

597.  85.0  watta;  86%.                      ^" 

■             663.  372  amp.-hra. 

598.  (a)  106.5  volta;    (6)  7700  walta; 

H            664.  1K.G3  rain. 

(r)  245  watta;   (d)  1  H.P.      ^ 

^L            666.  Isl   cell,    mode.   0.08286  g.   of 

599.  4190  volta.                                     ^1 

^^^               0;    AtboJo.  3.3296  g.  of  Cu; 

AOO.  707  mils.                                     ^H 

^^1                2d  cell,  anode,  0.08286  g.  O; 

601.  0.09.74  cm.                                  ^1 

^^H                ralhodo,    0.2902    g.    Fe;     3d 

602.  0.0000404  cm.;  0.0000765  cm. 

^f                cell,   anodo,  0.08286  g.  of  0; 

603.  0.0000589  cm.                          ^_ 

cathode,  0.1935  r.  Fe. 

604.  251  lumeoa.                                ^M 

666.  100  to  341;   100  to  207;    100  to 

606.  (a)  1.85  ft.;  (b)  1  m.                ■ 

92. 

606.  (a)  1.4  ft.;  (6)  2.66  m.              ^M 

687.  22  7  g. 

607.  139tol.                             ^^H 

688.  0.47  amp. 

608.  1.77  to  1.                             ^^H 

669.  0.008  amp 

609.  4  47  ft                                   ^^H 

670.  5060  amp. 

610.  0.4  ft  -nindtea;  0.9  lux.            ^M 

671.  95  1  g.  Cu;  97.8  g.Zn. 

611.  2  to  1;  0.4  candle-ft.;   0.2  can- 

672.  7670  hr. 

dic-ft. 

673.  6.3  g. 

612.  4    helner-met^ra;   0.69    hefner- 

674.  0  114  cm. 

mctcra.                                     ^H 

676.  2.37  g.;  1.19  g. 

613.  71  :m.                                         ■ 

576.  25  ohms. 

614.  0.56  m.  from  the  hcfncr  lamp.^H 

5n.  0,0033  ohm. 

616.  2.5  huf.-m.;    0.200  c.-ft.;    2.^1 

678.  14,700  ohraa. 

^H 

679.  09,9  ohms. 

616.  0.69-1  lumen.                              ^M 

680.  {a)  0.004  amp.;    (h)  U  volU; 

617.  0.00288  hi-fner    per  sq.   mi^M 

(c)  7.86. 

'"""  1 

I 
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618. 

6  ft.-«indlos;  6-1.6  m.-mndJea. 

643. 

(a)  1.3  in.;  (6),  2  in.                  , 

619. 

5  (lO*)  candle  jtower 

644. 

22  cm.                                          1 

690. 

800  lumens  per  sq.  ft. 

646 

to   674.     Graphical    Construe-' 

621. 

48°  .50'. 

lions. 

622. 

37^ 

676. 

6.33  diopters. 

623. 

.5.33  ft. 

678. 

3  diopters. 

624. 

0.0000.3.55  cm. 

677. 

26.7  se<!.                                         1 

626. 

SOTin.  to  8  50  in. 

678. 

0,08  80C.                                      J 

636. 

6.87  in. 

679. 

(a)0.08  8ec.:  (b)  0.04  sec.          1 

627. 

14  9  om. 

680. 

(n)  16;    (6)  16.                               1 

628. 

10.03  cm.;  20.135  cm. 

681. 

25  4  rm                                        J 

629. 

2.51  cm. 

682. 

386  cm.  from  center  of  object-' 

630. 

16.8  ft. 

ivc     to    center    of    eye-lens; 

631. 

40  cm. 

33.9  cm.  fnjm  center  of  object- 

632. 

3  31  in. 

ive  to  crt>aB  wires. 

633. 

Sin. 

683. 

(1)  to  (2)  =34.0  cm.;   (1)  to  (3) 

634. 

f^fiOrm. 

-46.4  cm. 

636. 

(a)  3  in.;   (i*)  3  6  in. 

684. 

35  1  cm. 

636. 

20  ft. 

686. 

23  9  in. 

637. 

6.15  in. 

686. 

CD  to  (2)  =46.95  cm.;  CD  to  (3) 

638. 

(6)  30  cm.;  (r)6cm. 

-62.45    cm.;     (I)     to     (4)  = 

689. 

8.6  cm  ;  3  76  cm, 

73.45  cm.;   (1)   to   CS)  =79.85 

640. 

3  ft. 

cm..    (1)  to  (Ii)=3195  cm.; 

eu. 

3  cm. 

(D  to  (la) -76.85  cm. 

INDEX 

1 

Abninpere,  370 

AnfiAti^rnat,  567                                  ^^^H 

Aberration,  eJiromatio,  556 

Angle  of  repose,  45                              ^^^H 

— ,  spheriral,  544 

Anglos,  moiisiirfmont  of,  69,  508                ^U 

Abohm,  385 

Aj^Kular  and  linear  ttfieeds,  *J5              ^^^H 

Abeohite  temperalurp  scale,  329 

—  motion,  105                                       ^^^^| 

—  unite  of  forctt.  84.  86 

Anions,  101                                          ^^^B 

maas,  82 

Aiiisofrc^^ic  and  isotropic  media,  197,       ^M 

Absorption  and  nuliation,  301 

028                                                         ■ 

—  spectrum,  594 

Anode.  102                                               ^^H 

AbvoU.  389 

Antiiindes  and  nodes,  194                   ^^^^| 

Accolemtiuu,  aiiKuliir,  103 

A|>uriure  of  u  Umik,  208                        ^^^^^| 

— ,  WneAT,  3,  67,  72 

mirror,  203                           ^^^^| 

Acoomino<lntion  of  the  eye,  '500 

AplannLic  Ictm,  ^M                           ^^^^M 

Accumulator  cells,  408 

AfMitrhromatic  h-na,  557,  566               ^^^^H 

Achromatic  Ions,  557,  566 

Ar(rhimed<»'  principle,  135                   ^^^H 

Acoustic  goniometer,  221 

ArmitturciH,  444,  449                              ^^^^H 

—  propertira  of  rtwms,  22(i 

icv,  278                                  ^^^1 

Action,   reaction  and  counteraction, 

iVali  ejectors,  121                                   .^^^^^ 

6,7 

Aspirator,  139                                      ^^^^H 

Acuity,  visual,  563 

Astatic  rieiMlle,  414                                ^^^fli 

Adhesion  and  cohesion,  157 

Astigmatisiri  of  a  lens,  547                  ^^^^| 

Adiftlmtir  pn-ftKures,  310 

eye.  562                                  ^^^^ 

Ad*»n>tif»n.  I*i3 

Astrnnomirat  t elc^irofM*,  577                 ^^^^Hj 

Aerial  objnct,  .537 

Atomic  structure,  476                         ^^^^^ 

Air  blook.  131 

Al^tmiser,  139                                      ^^^^| 

—  rtilumnR,  \-ibrating,  235 

^^^H 

crorf  transfomfwr,  470 

Aul<jtran>^form«r,  468                         ^^^^| 

—  lift,  13.5 

Axial  -spherical  aheirration,  545          ^^^^| 

A!t«niutt>r,  443 

Ajos  of  nttatiun,  01                              ^^^H 

Amiri  dirpct  vision  priflm,  593 

^^H 

—  Uitaily  n-flmitiiiK  prism,  524  ' 

t)uck  K.M.F.  of  a  motor,  456             ^^H 

Arametcnand  voltmeter,  420 
—  shunt/ 421 

—  focus,  531                                          ^^^B 

Dulancing  coKunns,  130                              ^B 

Amiwrc  defined,  379 

Hallistir  Ralvanometer,  419                         ^| 

— ,  law  of.  378 

Unmmeter,  102                                           ^H 

Amj>litudc  of  an  oscillatory  motion. 

Boiieball,  curved.  133                                    H 

170 

Battery  cell,  386                                          H 

72 

■ 

■     .... 

' 

^^F 

^^^^^^^H 
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Beam  hnlanpc.  89 

Camot's  engine,  318               ^^^H 

—  of  hglii.  54*) 

Cathmle,  402                             ^^H 

B«iU. '226 

—                                                ^^^H 

— ,  tuning  by,  227 

Cations,  401                               ^^^| 

Bernoulli  effect,  138 

Cell,  galvanic,  482                    ^^^| 

Belli  iMirtic.lce,  -173 

Center  of  gravity,  28               ^^^H 

Bismuth  in  nuignetic  Belds.  350.  381 

ma»,94 

Hliu'k,  510 

Centigrade  lempi*nitiire  sc&le,  250^^ 

—  -body,  302.  304 

C/entric  pcndl,  53-1                            ^| 

body  t**mperttiurv  scale,  306 

C-ont ripfttal  and  cfntrifugaJ  foroe^t^H 

Block  aud  U4-kU!.  10 

C<'atrifugal  cream  aeporutori  9A     ^H 

Boiler  exi>lotiiuns,  275 

—  emulMT.  08                             ^^^^M 

BoilitiK.  271 

—                                                  ^^^^H 

—  solution,  275 

^^^1 

—  with  bumping,  274 

Charge,  electric,  1155                ^^^^| 

liukimcter.  428 

of,  359                         ^^^1 

Holoinotric  sound  ranging,  428 

Charles'  law.  286                      ^^H 

Boron,  resiativily  of,  383 

Chemical  equivalent,  406                ^H 

Iioyle'8  Uw,  154 

Chinmey,  draft  in  a,  130          ^^^M 

Branched  circuit^*,  390 

Chladni's  figures.  231               ^^^H 

Brass  wind  Instrumentii,  243 

Choke  coil.  439                           ^^^| 

Brighlm-AR,  510 

Chmma,  510                              ^^H 

—  of  an  image,  571 

Chromatic  aberruiion,  556      ^^^H 

Brillianny,  510 

C'irrle  of  leuMl  (vmfiifiioM,  545  ^^^^| 

litijlhl  line  K|K'otriini,  594 

Circular  measure  of  nnglea,  Ob        ^H 

Bhllsb  Hiennal  unit,  253 

—  motion,  95                                       ^H 

BriitlencsR,  147 

—  mil  foot,  381                                ^H 

Bulk  hkkIiiIus,  148 

Clarification,  164                        ^^^^t 

Bumping,  274 

Coercive  force,  352                     ^^^^| 

Co(Te<i,  clariHcalion  of,  164        ^^^H 

C&lming  waves  with  oil,  160 

Cohomon  and  adhedion,  157          ^H 

Calorir.  253 

C-oinrideniv  range  frndcir,  583  ^^^^t 

Cnlorimctor,  257 

C.a\d  fnime  otTort ,  304                 ^^^| 

Caltirific  valuo  wf  fuck.  280 

f  Vilor  and  wavf»-ieugth,  503            ^H 

CanuTft,  photographic,  565 

—  blindncaa,  624                           ^^^H 

— ,  panoramic,  534 

—  mixture,  018. 619.  ^22          ^^H 

Candle.  509 

—  photography,  622                 ^^^^^ 

—  -foot,  612 

— Bcntotion,                            ^^^H 

luvivT,  512 

Coma  of  a  Icna,  552                   ^^^^^ 

ix)w<^r.  510 

Commutator,  447                        ^^^^H 

I>owiT,  pquivttk'iit,  513 

ConipciiKation  of  watchea,  174 

Co|mcit«nrt^,  3US,  3117 

CA.rnpIrmcntary  colors,  addiUv«,  618      , 

Capillarity,  161 

,  subtmctive,  621                      ^M 

Cardinal  points  of  a  lens,  528,  535 

Composition  of  forces,  22           ^^^H 

^^^^^^^^^^^^^^^^^^^^B 

^^^^^^1 

^^^^^^^^^^^^^^^^^^^^^^M 
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'tTompofiition  of  angular  velooitieu,  62 

Dernleseence  points,  261                           M 

—  ^  linear  velocities,  53 

Deceleration,  458                                    ^^^B 

Compound-wound  machincfl,  461,  45S 

Dr-c^>mpoi^j1ii}n  value,  405                 ^^^^| 

Condensation  and  rarefaction,  183 

UeriPity  of  iinuier^ion,  136               ^^^^| 

—  of  vaiK>r  on  particles,  161 

Dfpiisition  vnltie,  405                        ^^^^| 

Condenser,  electric,  369 

Depth  uf  imago  field,  569                ^^^| 

Condenf^ing  milk,  273 

Dialysis,                                             ^^M 

Conduction,  electric,  3<H,  381 

DiamagnctLsm,  349,  350,  483          ^^H 

— ,  deetrolytic.  409 

DiaiiixiHl.  brilliancy  of  a,  523          ^^^H 

— ,  heat.  203,  206.  297 

Diathermancy  and  athermaocy,  303^^B 

Confusion,  circle  of  leaal,  545 

Dielectric,  358,  359                                    1 

Conservation  of  energy,  16 

DilTrartinn,  000,  60t)                                   ■ 

ConsonanU,  234 

^  grating,  615                                       ^^H 

Continuous  spectrum,  694 

Diffusion  of  fluids,  164                      "^^1 

Contrast  of  colors,  024 

lifzht,  511                                ^^H 

Convection  of  heat,  293 

Diopter,  504                                     ^^H 

Converging  line,  529 

Direct  current,  448                          ^^^| 

Coolidge  X-ray  tube,  479 

generator,  446                         ^^^M 

Comet,  243 

—  vision  pHRm,  593                          ^^^^| 

Coronas  and  baloes,  606 

Din^ctiou  finder,  495                        ^^^| 

Corroeion,  electrolytic,  404 

Discharge,  electric,  364,  471             ^^H 

Coulomb  defined.  370 

Dispersion,  525                                 ^^^| 

Coulomb'n  lawB,  338,  358 

Di-itortion  of  image,  561                          ^M 

Counteraction,  action  and  react  ion, 

Diverging  lens,  530                                   H 

6,7 

DniM'lfr's  principle,  222,  597                    H 

Counter  E.M.F.,  439,  456 

t>iultle  refraction,  628.  ti30                       V 

Couples,  26 

Duration   of  photographic  exposuret      1 

Cream  separator,  98 

573                               m 

Crests  and  IrougliH,  182 

Dyeing,  164                                               ■ 

CritiiTiU  angle  (if  incidence.  522 

Dynnmo.  alternating  current.  443          H 

—  I>oint  nf  a  gae,  270 

— ,  direct  current.  446                        ^^H 

Crossml  tctis,  555 

Dyne,  S4                                            ^^H 

Cryohydratc.  2ti8 

^^1 

Curie  iKiint,  349 

Echoes,  225                                       ^^H 

Curved  iKisrhall,  138 

Kfldy  currents,  440                          ^^H 

Current  utrength,  364,  378 

Efhnency,  15,  309                            ^^H 

Curvature  of  image  field,  549 

Ejectors,  121                                        ^^^^ 

Cycles,  reversible.  317,  318 

Klastieity.  147                                   ^^H 

Cylindrical  lena,  549 

ElaHtic  limit,  146                                 ^^H 

Electric  ca[iaeity,  368                              H 

Daltonifim,  624 

—  unit*,  428                                                 1 

Dalton's  law,  156 

Electricity  and  matter,  474                      M 

d'Arsonval  galvanometer,  415 

ElectrifiniUion,  354                                    H 

Daylight  recorder,  428 

Electrochemical  equivalent,  407              1 
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Electrodefl,  402 

Elect  rodynamomcter,  417 

Eleclrtilyaia,  402,  404,  405 

Electrolyte,  403 

Electrolytic  oonduction,  409 

Elft<itrol>'t  ic    septtnit  ion    of     metaU. 

405 
Electro  magrietir  Kalvanomelcr,  419 

—  induction,  430.  483 

—  radiation,  488 

—  waves,  486 
Electroningnetfi,  375 
Electromotive  force.  388,  302,  481 

—  —  induced,  434 

of  a  galvanic  cell,  408 

generator,  451 

Electron  hypothesis,  480 
Electnnw,  471 
Electrophonw,  3H8 
Electrosrope,  367 
Electrostatic  induction,  481 

—  separation  of  ores,  307 
Emiseivity,  302 
Empirical  laws,  145 
EniulstT,  ctmtrifugal,  08 
Energy,  15,  Itj,  116,  394 
Engioe,  reversible,  320 
Equilibrium,  9,  32,  33 
— ,  thermal,  247 
Equivalent  candle-power,  513 

—  pointA  of  a  lena,  535 
KrecUng  eyepiece,  585 

—  prism,  524 
Erg,  117 
Ether.  2,  502 

Evaporation  and  condensation,  268 

Evener.  19 

Eye,  the  human,  559 

Eyepieces,  580 

Expansion,  coefficients  of,  287 

— ,  cubical,  286 

— ,  linear,  282 

— ,  uniform,  288 

Exposure,  photographic,  673 


Fahrenheit  tcmperattjne  scale,  251 

Farad,  397 

Faraday's  la»*B  of  electr>l>'8»9,  407 

Far-fiightedneas,  561 

Ferromafcnetism,  349 

Fi^ry  spiral  pyrometoT,  307 

Field  lens,  580 

—  magnets,  444 
— ,  magnetizing,  342 

—  of  force,  electric,  359 

,  magnetic,  339 

Fixed  focus  camera,  570 

Fizcau,  velocity  of  light,  501 

Flotation  process,  160 

FluidH,  128 

Muorcsceiice    and    phusphoresreoee, 

504 
Mute,  242 
Flux,  luminous,  509 
— ,  nuignotic,  3^10 

—  turns.  436 
Focal  length,  204,  531 

—  plane,  532 
Focus.  199,  209 
F<K>t'<»ndle,  512 
Forc-c.  1,  2 
— ,  eeiitripetal  and  centrifugal, 

—  components,  29 

—  couple,  28 

—  rwuUant,  22 
— ,  triangle  and  polygon  of,  24 
Forced  vibrations,  177 
Foucault  rxurents,  440 
Foucault's  polarising  prism,  63 
Free  vibrations,  177 
Freezing  point,  262 

—  of  hot  water  pipes,  264 

—  mixtures,  268 
Friction,  39,  41,  43 
— ,  limiting  angle  of,  44 
Fundamental  law   of  perfect 

289 
Fusion  point,  262 
— ,  heat  equivalent  of,  265 
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Galileo's  telescope,  575 

Hot  water  heating,  295                      »^^| 

Galvaaic  cell.  386.  482 

Humidity,  277                                  ^^H 

Galvanometers,  411 

Huyghens'  construction,  199             ^^^H 

Ga^  154,  268 

—  Dyc])ie(!e,  580                                  ^^^^M 

—  uuuik^,  163 

—  principle,  198                                ^^^^| 

—  thi'rmonicl4^r,  249 

Hydraulic  press,  129                            ^^^H 

Gauss,  340 

—  ram,  4                                                        ^M 

—  points  of  a  lens,  535 

Hydrogen  thermomet*^  scale,  248             H 

Generatore,  alternuting  current,  443 

Hydroraclcr,  137                                         H 

— ,  direct  current,  446 

Hyperfocal  distance,  570                               ■ 

Glaciers,  265 

Hyijcrmctropia     or     far-eightedneas.       fl 

Gold  leaf  elei-troscojie,  3(>7 

561                                                 m 

Gram  equivalent,  280,  408 

Hj-Btcresia,  352                                     ^^H 

—  motecuJe,  279 

^^H 

Gravitation,  151 

Ire  machines,  278                               ^^^| 

Gravitational  unit«  of  force,  86 

—  yacht,  56                                                ^ 

Gray.  519 

Ideal  gas  tem7>eraturR  iicale,  20O                m 

G3Tation,  radius  of,  111 

—  gases,  law  of,  289                                   1 

Illumination,  511                                           ^^ 

'  Half-period  elements,  600 

Itnngr,  516.  528                                             H 

tone  engraving,  614 

—  brightness,  571                                 ^^^H 

Haloes  and  roronsA.  606 

—  fnrnmtion,  606                                 ^^^^ 

Harmonic  motion  of  rotation,  173 

Uu-ation  of,  53U                            -^^H 

translation,  169 

viHual  536                                      ^^^| 

Hanuonii-a,  218 

ln){HHl:i.itcc  coil,  439                              ij^^^H 

Haulage  by  horses,  25 

IncLdcncc,  angle  of,  202                        ^^^| 

Heat  conduction,  293,  296 

— ,  plane  of.  507                                         V 

—  convection,  293 

Inriined  coi!  galvanometer,  419                H 

—  equivalent  of  fusion.  266 

Independence  of  r()rccs,  9                            ^^ 

solution,  267 

Indicator  diagram,  313                         ^^^| 

vaporization.  276 

Induced  E.M.F.,  434                            ^^H 

—  value  of  fuels,  280 

Induction  (M)il,  465                                 ^^H 

Hefner,  509.  510 

—  density,  342                                              H 

Henry  defnied.  439,  440 

— ,  flcclromngiictic,  483                              H 

Ileros  enKine,  8 

— ,  dcLtrostatir,  365,  48!                      ^^B 

Hertz  experiments,  489 

— ,  nuignctic,  342                                 l^^^| 

Hess,  law  of,  280 

Inductive  capacity,  371                      ^^^H 

Hcusler's  magnetic  alloy,  351 

Inertia,                                                ^^^| 

Higli  E.M.F.,  emrjon.y  of,  394 

InHuenco.  electrostatic.  365                ^^^^ 

High  speed  steel,  262 

Iiuiccts  walking  on  water,  159           ^^^^^ 

Hooke's  law,  147 

Integrating  meter,  458                          ^^^B 

Horse  anil  cart,  7,  25 

IntrnHity,  luminous,  510                             ^^ 

Horseimwcr,  U7 

Interference,  189                                       ^M 

Hot  bearing,  160 

—  of  light,  497                                          H 

^^r 

^B^^^^B 

■        7*28 

INDEX                                                   ^^B 

H         Interfcrcnce  of  sound,  213 

Lumen.  509                                    ^^^| 

■         luUirtiationaJ  electnc  uniU,  428 

Lumidro  color  photogr&phy.  622          ^B 

H         Inverse  square  taw,  512 

Luminiferoiis  ether,  502               ^^^^H 

1         lonB,  162,  401.  477 

Luminous  efficiency,  309              ^^^B 

H          loniuition,  400 

Luminosity,  505                           ^^^B 

H          Imidmlion,  614 

511                                      ^^H 

B         I^tropic  and  anisotropic  media,  197, 

^^^B 

■                 628 

Miignetfl,  334,  337,  483               ^^H 

H          Isothermal  proocseos,  316 

MuKuetic  field  of  foree,  339,  342.^73 

H 

—  jwles,  335                                          ^J 

H         Jet  pump,  139 

—  separation,  349                                ^B 

■         Joule,  117 

Magnification,  542                          ^^^^| 

■         Joule's  law,  384 

Mulufi'  experiment,  505               ^^^^H 

H 

Manometer,  133,  155                    ^^^B 

B          Kaleidoscope,  517 

Manometric  eapeule,  217            ^^^B 

B          Kelvin's  sounding  machine,  155 

Mass,  82,  87,  89                            ^^H 

B          —  t«mpera1ure  scale,  32U,  333 

— ,  center  of,  94                            ^^^B 

B         Kcnetron  tube,  474 

— ,  elect rouiagnc tic,  474               ^^^^H 

B         Kilowatt^hour  meter,  458 

Matter,  3,  82,  156                         ^^^B 

B         Kinetic  etwrgy  iu  rotation,  121 

—  and  electricity,  474                  ^^^B 

B trnnslation,  1 19 

Maxwell,  340                                 ^^M 

■          Kirchhoff'H  black-UMly.  304 

Mechanical  advanta«!e.  9                      ^U 

^r         —  law  of  radiation,  3U!i! 

—  et|ui\-ulent  of  Ijcat,  %'i3.  312            ^M 

1           Kite,  32 

—  n-frigeration.  27H                               ^B 

B          Knot,  53 

Meltint:  iN>int.  262,  264                 ^^^B 

B          Koenig's  nmnnmetrio  cupeule.  217 

Mt'ttT-condle,                                   ^^^B 

■ 

ric,  458                               ^^^B 

^K          Lambert.,  51 1 

Mirrofarnd.                                      ^^^B 

B         t.firoination,  441 

Microscope,  591,                           ^^^B 

B          Latent  hpat.  260,  276 

60                                           ^^H 

B         I^uront'fi  hnlf-shnde  analyzer,  639 

Milfoot,  381                                   ^^H 

B         — saccharimeter,  640 

Milradian,  60                                 ^^^^| 

B          lA^aet  confuKion.  nnile  of,  645 

Milk  condensation,  273                  ^^^^| 

B          Le  ChatelicVs  princij^e,  264 

—  !M!pimttor,  98                             ^^^^| 

B          Lever,  18.  19 

MtlUhanl>ert,  511                           ^^^| 

B         Ixnuea,  207,  528,  607 

Mtrrore,  201.  204.  206,  518            ^^H 

B          Lenz*8  law,  432,  483 

Mobility,  I2S,  150                                ^H 

B         Limitinfi;  angle  of  friction,  45 

Mol,  279                                                ^1 

B         Line  of  force,  340,  360 

Molecule,  156                                       ^M 

B         Ix)ngit  udinal  spbcriral  aberration,  645 

Moment  of  force,  17,  18                    ^^| 

B          —  wave  motion,  182 

• inertia,  107,  108,  110          ^^H 

■           Ijoops  or  ventral  segmenta,  194 

a  plane  area,  112                 ^^^^| 

B         lioudncas,  218 

Monochromatic  light,  503             ^^^B 

^^^  Lubricaiita,47, 150 

Motor,  electric,  453                              ^B 
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Motor-generator,  460 

Period  of  S.H.M.  of  tranaUtion,  170 

Multiple  eircuil,  396 

a  pendulum,  176 

Mutual  induction.  »36.  438 

Periscope,  588 

Myopia  or  near-flight^dnem,  561 

Permanent  set,  146 
Permeability,  magnetic,  347 

Neftr-fligbt«dneM,  561 

Pcrfwtuul  motion,  10,  143,  108 

Ncgalive  Ifus,  530 

Phase  and  phaac  angle,  186              fl 

Neutral  surface.  148 

Phosphorescence,  504                       ■ 

Newton's  lawfl  of  motion,  3,  6,  6 

Phot,  511                                           ■ 

Nicx>t's  polarizinK  priBin,  635 

Photoelectric  effect,  473 

Nobili's  astatic  needles,  414 

Photoengraving,  thn^e-color,  621 

Nodes  and  antinodes,  194  238 

Phot-ographic  camera.  565               ^ 

Nodal  pointa  of  a  lens,  533 

Phatomclry,  512                                 H 

Nodon  valve.  404 

Planes  of  jKilariKation,  634              fl 

Normal  thermometer,  249 

P)iL»ticity,  128,  147                           H 
Plates,  \ibrating.  231                     fl 

Object,  virtual  or  aerial,  537 

Phiting.  electro-,  403                         " 

Objcclive,  o79 

Pii'7.^)-clcctrification,  366 

OrtliDsliKmat,  507 

Pitch  (jf  sound,  217 

Oc-ulars.  580 

Pitot  meter,  138 

Oersted's  diaoovery,  373 

Polarizjition,  195.  506 

Olim.  386 

— ,  plumff  of,  51)7.  634 

Ohin'H  biw,  390 

Piilarizing  prisms,  634 

OU  on  wavi-s,  100 

Polar  nK>iucnt  of  inertia,  112 

Optic  axifl,  ft2^> 

Poh*  of  leiiw*.  20K 

Optical  p\Tx>metry,  307 

mim»rs,  203 

Organ  pipos,  241 

—  —  magiwUi.  3X6.  338 

Orthoscopic  lenn,  567 

Polygon  of  fore**,  24 

OecillutionH.  electric,  488 

Pot*'nfial  energ>',  122 

OBmotic  prt'Ksure,  166 

— ,  elect  ric,  360 

Osmometer,  USC 

-,  safe.  395 

1      Overtones,  218 

Poiiiuhil.  H4 

Found  weight.  2,  86 

Panoramic  carapra,  634 

Power,  117,  3tJ4 

FaniboUc  mirror,  206 

—  of  spectacle  lenflea,  604 

Parallel  oondurtora.  396 

Presbyr>pia,  660 

Panimfignetism,  349,  483 

PT«fi8UIV,  128 

PaHiclea,  95 

—  oooker,  273 

Pencil  of  light.  545 

Primar>'  colors,  620 

Pendulum.  174,  176 

—  currrnts,  433 

Penumbra,  013 

Principal  axis  of  a  lens,  207 

Pcrrcot  RftiH*,  law  of,  289 

mirror,  203 

4 

1        Periodic  motion,  180 

—  (Miints  of  ft  Ipuh,  530 

i 

Period  of  S.H.M.  of  rotation,  173 

—  plane  of  a  cryulAl,  629 

1 

b 

J 

^^F 

^^^^^HB 

730 

IKDEX                                              ^^^H 

Principal  section  of  a  priBm,  630 

Resolution  of  forces,  29              ^^^^| 

Priam  hinonilar,  587 

an  image,  till                    ^^^^| 

— ,  Niwls  polarizing,  635 

Resonance,  177,  216.  468           ^^^| 

— ,  totally  reflect  inn,  523 

Retardation,  68                           ^^^^| 

Projerlilftp,  75 

Reverhemtion,  225 

Pump,  134,  139 

Pymnictrv,    optinnl    iind    radiation, 

320                                               ^1 

307   " 

Right-hand  Bcrew  nde,  3S3         ^^^M 

—  —  rhumb  rule,  384                ^^^| 

Quulity  ijf  sounds,  218 

Rigidity,                                       ^^H 

Hi^c  of  water  in  soil.  161            ^^^^^| 

Racing  of  a  motor,  457 

Rod5,  vibrating.  230                   ^^^^| 

Radinn.  59,  508 

Roentgen  rays,  477                       ^^^^^| 

Radiation,  204,  301 

Rolling  resistance,  46                  ^^^^B 

— ,  clectronuiKi»eiic,  488 

Rotury  converter,  460                 ^^^^H 

—  pyrometrj-,  307 

Rotation,  00                                           ^M 

Radiator,  perfect.  3t»4 

—  of  plane  of  potarixntion,  636         ^M 

Radio  rompftflB,  495 

RuhmkorfT  induction  coil,  465          ^H 

Radiotelegraph V,  402 

^M 

Radius  of  gyration.  111 

Saccharimeter,  Laiu«nt's,  640           ^H 

Rain  rcpellant  fabrice,  159 

Sail  b(iat,  31                                    ^^^M 

Ramsden  oyepiect?,  583 

•Sutimited  color,  519                      ^^^^H 

Range  finder,  coincidence,  588 

—  solutiona.  162,  106                  ^^^H 

Ray,  198,  507 

—  vapors,  269                              ^^^H 

Rcaetion  iind  counteraction,  6,  7 

Scattering  of  light,  617,  625         ^^H 

— ,  heut  nf.  279 

Scintillation  of  stun*,  520              ^^^^M 

Rccnlescenrc  points,  261 

ScnxMiing.  ma^ietio,  347            ^^^^| 

Rectilinear  lens,  507 

Search             513                           ^^^H 

—  propugalion  of  light,  602 

Seoondurv  celln,  408                      ^^^| 

Rectifier,  electrolytic,  404 

~                                                       ^^^1 

— ,  vacuum  ttilw,  474 

Seebcck  effect,  3SS                        ^^H 

Reflceling  prisms.  523 

Selenium,  resistivity  of,  383         ^^^H 

Reflw-tion,   187,  201,  223,  304,  510, 

Self  induction,  439                          ^^^B 

518,  521 

ScniiiMTmeability,  165                  ^^^^| 

Refraction,  207.  211,  212,  227,  519 

Seriefl,  conductorn  in,  396           ^^^^^| 

— ,  index  of,  212 

Series-wonnd  machine*,  453,  45T       ^H 

Refrigt^rntion,  mechanical,  278 

Separation  of  ores,  eleclnwtatic,  367^1 

Rcgelation,  204 

,  magnetic,  349                        ^| 

Rcmnnencc,  361 

metals,  olcctrotytic,  4(»5           ^M 

Rexiduul  nmgtietism,  352 

Shudon-s,  200                                       ^M 

ReHtatance,  electric,    3H0.    :i84.    3WS. 

Shearing  modidus.  149                         ^K 

397.  481 

Sluuit-wiiuiul  nuiehin(«,  451               ^H 

— ,  rolling.  4ft 

Simple  liarmonifl  motion  of  rotatio^^| 

RcsisUvity,  381,  382,  383 

173                                               ^1 

^^1 

^^^^                                          INDEX                                              731    1 

Simple  harmonic  motion  of  transla- 

Stokes' law  of  radiation,  3U2                   ■ 

tion.  lrt£) 

Sublimation,  271                               ^^i 

—  rigidity.  149 

Successive  contrast,  625                  ^^^| 

Singing  of  the  teakettle,  271 
8kin  effect,  381 

Sugur  Uiiling,  274                            ^^^H 

—  testing,  610                                 ^^H 

Slug,  87 

SulphionT403                                   ^^W 

Smudging  of  orchards,  303 

Superelevation,  100                                  fl 

Snell's  law  of  refructiou,  212 

Superposition  and  interference,  189        ■ 

Solenoid.  375 

—  of  sound  waves,  215                               1 

SoUd.  128 

Sujiersaturation,  267                                fl 

Solubility.  162 

Snrfnrc  tension,  158                                   H 

Solute  and  solvent,  162 

SuHpt-ridtnl  coil  galvanometer,  415           H 

Solution,  162,  267 

Sympathetic  vibration,  177              ^^^ 

— ,  electrolytic,  482 

Hyntony,  494                                  ^^| 

Sound  btjiirds,  233 

^^^1 

Sounding  niarhine,  Kelvin's,  155 

Tangent  galvanometer,  411             ^^H 

Sound  ranging,  220.  222,  428 

Telegraph,  376                                  ^^^H 

Space  radian,  508 

Telcobjcctive,  507                            ^^H 

Specific  luMit,  2.M,  256 

Telephone,  393                                      ^^^B 

—  inductive  capncity,  371 

Telephotographic  objectire,  568      ^^^B 

S|KMjtacle  lenses,  numbering  of,  563 

Tcieecopes.  575                                 ^^H 

Sp>octro8cope,  692,  593,  615 

Temperature,  246                             ^^^| 

Spectrum,  593,  594 

—  effect  on  sound,  228                    ^^^| 

—  analysis,  595,  598 

Teslu  coil,  470                                     ^^H 

Spectrophotometer,  599 

Thermal  capacity,  254.  257             ^^| 

Speed  of  a  a  electric  motor,  456 

—  conduction,  293.  296                     ^^H 

light,  .500 

—  convection^  293                             ^^^| 

wave  motion,  184 

—  oquilibrium,  247                          ^^^H 

Sphericjil  aberrfttion.  204,  544,  554 

—                 fuels.  2Sf)                       ^^H 

—  mirror,  204 

Themiions,  473                                ^^^| 

Spheroidal  state,  276 

Thermos  Udtle,  304                        ^^H 

Spraying  solutions,  159 

Thermodynamics,  311                              V 

Spring  halunce,  90 

Thermodynamic  engine,  320,  323            H 

Standing  wnves,  192,  239 

—  temperature  scjilc,  329                          H 

Storadiun.  508 

Tlicrmodcctrir  couple,  387               ^^^t 

StJirs,  IwinklinR  of,  520 

TliiTmometers,  247                              ^^^| 

Starting  Imix  ft^r  motor,  458 

Thompson  inclined  coil  galvanomctcr^^B 

Stationary  nmlulution,  Wn,  239 

419                                                            1 

Stefan-Bolt zmauu  radiation  law.  306 

—  suspended    needle    galvanometer,       I 

Stigmat,  5G7 

413                                                        1 

StomgeceUs,  408 

Three-color  photoengraving,  621              M 

Stress,  1.  103,  146 

—  -electrode  vacuum  tube,  475               fl 

Stretch  modulus.  148 

Tone,  218                                                  H 

Strings,  vibrating,  232 

b 

Torque,  103,  105                                  fl 

^^p 

^i^^^m 

■         732 

INDEX'                                           ^^H 

B          Torque  of  a  motor,  4S7 

VoltAie  (441.  387                        ^^H 

H           Totally  reflecting  prisms,  523 

Voltmeter  umltipliEsr,  423           ^^^H 

H          Toughness,  147 

Vowels,  2;M                                    ^^^H 

^^^     Trajwtory,  78 

Vulcanizatiou  of  rubber,  273      ^^^^t 

^^^^   Tranaformation  points,  260 

^^^H 

^^^  TnnsfunnoT,  4tMJ,  470 

Water  equivalent.  256                ^^^| 

^^B   l>ansp«rency,  303 

117                                     ^^H 

^^^V   TnmsYeree  wave  motion,  180,  107 

Wattmeter,  425                            ^^^H 

Th&agle  of  forces.  24 

form,  183                           ^^^H 

Trombone,  243 

—  front.  198                                 ^^^| 

Trumi)ot,  243 

—  length,  182.  498                      ^^H 

Turbine,  wat^r.  57 

—  motion,  ISO                                 ^^^^H 

Twinklinn  uf  stars,  520 

Wiivfis,  el»!ctn>inagnetic,  486        ^^^H 

Tyndall  pltcnomcnon,  617 

^^H 

Welding,  cl(H;tric,  382                  ^^^| 

Ui«l»Tv-<MiIiii(?.  2il3 

West^Hi  galvan<»mi'ter,  3H*,  417         ^U 

UnitH,  systems  of,  91 

Wet  and  dry  bulb  hygroiru.'t^ir,  277      ^M 

Universal  camera,  570 

Wlioat«tonc  bridge,  426                        ^M 

White.  519                                               ^t 

Vacuum  tube  rectifiers,  474 

Wivn's  difiplncement  law,  306            ^| 

Vapor  and  vaporiBation,  268,  276 

Winds  and  occ^in  rurrento,  295          ^f 

—  prespure,  26t) 

Wireless  telegraphy.  402               ^^^H 

Velocity,  angular,  01,  62,  65 

V\'ireA,  vibrating,  232                   ^^^^M 

— ,  linear,  52,  53.  56,  184 

14                                ^^^1 

—  of  light.  500 

^^^H 

Bound,  239 

X-rays,  477                                  ^^^| 

—  in  the  line  of  £>ight,  597 

^^^H 

Ventral  seRmenU,  104 

Yield  point,  146                              ^^^B 

Vorastigmnt,  567 

\'oung-Helmbolts    theorv    of    nolnf^f 

Viscosity.  128,  149 

B23                                                   JM 

Visibility  and  color,  504 

Young  s  iDterfcmioe  experiment,  4^^| 

Visual  acuity.  563 

—  modulus,  147                           ^l^^l 

Vocal  sounds,  234 

^^^M 

Volt,  389 

Zone  plate,  602                          ^^^| 
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